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In this project, we investigated the static and dynamic magnetic applications (i.e. 
ferrofluid, hyperthermia, microwave permeability) of different Fe3O4 magnetic 
nanostructures (i.e. nanoparticle, nanoring, nanodisc and nanorod) fabricated by 
chemical methods. During investigation, 3D Landau-Liftshitz-Gilbert (LLG) 
micromagnetic simulation was used as theoretical guidelines. Upon performing the 
micromagnetic simulation, we could look into the microcropic magnetic domain 
structures, which are crucial for both static (i.e. hysteresis loops) and dynamic 
magnetic properties (i.e. microwave permeability). Comparisons between the 
simulated and experimental results were also provided closely for verification. In the 
first part, a new kind of stable Fe3O4 nanoring colloid based on the vortex domain 
structure was developed by micromagnetic simulation and subsequently experimental 
demonstration. Compared with the conventional ferrofluid containing 
superparamagnetic nanoparties, the Fe3O4 nanoring colloid could achieve much better 
magnetic response due to the ferromagnetic nature of the large Fe3O4 nanoring. 
Meanwhile, the high colloidal stability can be also retained because of weak magnetic 
 X 
 
interaction resulting from the flux closure vortex domain structure. Secondly, 
magnetic hyperthermia properties of the Fe3O4 nanoring were investigated. The 
results suggest that the specific absorption rate (SAR) of nanoring is much higher than 
the conventional superparamagnetic nanoparticles. Similar hyperthermia 
measurement was conducted on the Fe3O4 nanodiscs, it was found that the nanodisc 
could achieve excellent SAR due to their prominent “flipping” Brownian relaxation 
superior to the spherical nanoparticles. Besides ferrofluid and hyperthermia, the 
microwave permeability of Fe3O4 nanostructures was also studied. More importantly, 
a predictive method was established for the calculation of high frequency 
permeability of magnetic nanostructures. Compared with traditional theoretical 
method, this method could consider both the magnetic domain structure and wave 
orientation into account, which enables us to predict the microwave permeability of 
various magnetic nanostructures at different wave orientations. The above results 
were summarized as below:  
1) Through micromagntic simulation, we have proposed a theoretical guide 
for the formation of vortex domain in Fe3O4 nanoring. Firstly, stable 
vortex area (SVA), where both ground state and remanence state are 
 XI 
 
vortex domain structure, was constructed at various β (inner to outer 
diameter ratio of magnetite nanoring). Secondly, the investigation on 
crystalline orientation effect suggested that the [113]-orientation is 
favored for larger SVA area. In additionally, the existence of irregularity 
would enlarge SVA dramatically. The simulation of inter-rings interaction 
indicated that the minimal inter-rings distance for the formation of vortex 
at remanence is about 20 nm. Based on the simulation, stable Fe3O4 
nanoring colloid was fabricated using phosphorylated-MPEG modified 
Fe3O4 nanorings. The colloidal stability and magnetic response ability 
were confirmed by Dynamic Light Scattering (DLS) results and magnetic 
response experiment.  
2) The magnetic hyperthermia properties of the Fe3O4 nanoring colloid were 
investigated. Compared with the traditional superparamagnetic Resovist, 
the Fe3O4 nanorings exhibit a signiﬁcant increase of SAR, which is an 
order of magnitude higher at relative high AC magnetic fields (>500 Oe). 
By comparing the SAR values measured in aqueous suspension with that 
measured in gel suspension, it was found that the huge heat generated 
under AC magnetic field was mainly from the hysteresis loss, which was 
 XII 
 
reproduced micromagnetically by simulating average hysteresis loop on 
the assumption of random orientation. This work may shed light on high 
efficiency heating agent for magnetic hyperthermia cancer treatment.  
3) In addition to the Fe3O4 nanorings, the Fe3O4 nanodiscs with different 
sizes were also successfully fabricated and their hyperthermia properties 
were investigated. The micromagnetic simulation revealed distinct 
domain structures for the fabricated nanodiscs. The hyperthermia 
properties of CTAB coated nanodiscs were measured in both water and 
gel suspension. Additionally, two references samples, namely 
superparamagnetic nanoparticles (SNP) and ferrimagnetic nanoparticles 
(FNP), were also measured for comparison. The results measured in 
aqueous suspension suggest that the nanodiscs exhibit excellent heat 
dissipation ability, which is almost 6 and 2 times higher than the 
traditional SNP and FNP, respectively. By contrast, in gel suspension the 
nanodisc exhibit slightly higher SAR values than FNP, which is 
demonstrated micromagnetically by simulating the hysteresis loss. The 
SAR differences between the water and gel suspension suggested a 
significant Brownian relaxation loss (about 2 kW/g at 0.3 kOe), which is 
 XIII 
 
about 8 times higher than that of the isotropic nanoparticles with equal 
volume (i.e. FNP). Based on this phenomenon, a “stirring” Brownian 
relaxation model was proposed for the disc shaped nanostructures as 
follows. When subjected in the alternating field, the nanodisc in aqueous 
suspension could flip and stirring the water, thus converting the field 
energy into the kinetic energy of surrounding carrier. In comparison, the 
Brownian relaxation of traditional spherical nanoparticles only relies on 
the friction between nanoparticles and carrier. Therefore, the heating 
efficiency of the nanodisc should be much higher than spherical 
nanoparticles. This study may open a new window for high efficiency 
magnetic hyperthermia. 
4) A predictive model was developed for the calculation of microwave 
permeability of magnetic nanostructures, which could consider both the 
domain structure and wave orientation into account. In this model, starting 
from the ground state magnetic domain structures, a local effective field 
(Heff) was evaluated within each mesh cell (discrete unite in 
micromagnetism) by micromagnetic simulation. At a relative orientation 
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of magnetic domain structure with respect to the microwave, a 
permeability spectrum can be calculated by using the local Heff and 
subsequent average over all the cells. Equipped with this model, it was 
found that the initial permeability remains the same while the resonance 
frequency could be well tuned by changing the relative angle between 
wave vector and magnetization. Based on this fact, a bond between initial 
permeability and resonance frequency was proposed for the transverse 
field case (TFC), where the microwave magnetic field is parallel to the 
magnetic moment. Moreover, the validity of the present model was 
proved by the good agreement between the experimental permeability and 
our calculation on different Fe3O4 nanostructures (i.e. octahedral, 
nanodisc, nanorod, and nanorings). All these results indicated that the 
present model could predict the microwave magnetic properties of 
different nanostructures. It is believed that this model could offer valuable 
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Magnetic nanostructure has attracted intensive attention in recent years due to the 
rapid progress in fabrication and processing. When the dimension of magnetic 
structure is reduced into nanometer regime, small variations in the shape and size 
become increasingly inﬂuential on the magnetic properties.1-2 The domain evolution is 
one of the most important reasons. For the sake of energy minimum, different shape 
would prefer distinct magnetic domain structures, which is responsible for dramatic 
change in both static and dynamic magnetic behaviors. Meanwhile, the size also plays 
an important role in the determination of domain structure. When size is below a 
critical value, the magnetic nanostructure becomes single domain. Further decrease in 
the size would result in the so called superparamagnetism with fascinating magnetic 





 Therefore, the size and shape dependent properties of magnetic 
nanostructures are of great interest in both physics and material science.  
At the same time, the ever-growing interest in the magnetic nanostructures promotes 
the fast development of micromagnetism. The micromagnetic theory, based on the 
well known Landau-Lifshitz equation, has been found experimentally and 
theoretically to yield an accurate description of the time evolution of spin 
configuration. With the help of micromagnetic simulation, we can obtain direct 
visualization of magnetization conﬁgurations, static and dynamic magnetic properties 
of magnetic structures. More importantly, as a powerfully theoretical tool, it enables 




us to predict the magnetic properties, which is absolutely useful for the design of 
magnetic devices with desired function. Based on this fact as well as the ever growing 
high speed computing, the micromagnetism has become an indispensable branch in 
material science.  
In this thesis, we devoted to apply the micormagnetic simulation on different 
magnetic nanostructures (i.e. nanoring, nanodisc, nanorod, etc.) and their possible 
applications. Generally, the application of magnetic nanostructures involves nearly all 
research topics in material science. Herein, three types of applications are mainly 
investigated, namely ferrofluid, magnetic hyperthermia and microwave nature 
resonance, which are differentiated by their distinct working frequencies. For instance, 
the magnetic colloid is a static (zero frequency) application, while the magnetic 
hyperthermia and microwave nature resonance are two kinds of dynamic applications, 
working at radio frequency (sub-megahertz) and microwave frequency (gigahertz). 
Other applications are beyond the scope of the current thesis. In this chapter, we will 
present an introduction on the micromagnetism. Then an overall review on the 
magnetic nanostructures and their applications will be provided in the following 
sections.  
1.1 Micromagnetics 
1.1.1 Theory of Operation 




Micromagnetic simulation is a finite-element (FE) approach to explain the time 
dependent magnetization process of magnetic materials at an intermediate length scale 
between magnetic domain and crystal lattice length.
6
 In micromagnetic theory, the 
continuous magnetic system is approximated by a discrete magnetization distribution 
consisting of equal volume cubes (3D) or rods (2D), so called cells.  
 
Figure 1.1 FE discretization of a sphere in micromagnetic simulation.  
Fig. 1.1 illustrates the FE discretization of a sphere in micromagnetic simulation. As 
shown in the figure, the sphere is discretized into a number of identical cubic cells. 
Each cell possesses a constant magnetic moment, which is described by a vector M(r): 
                                                          (1.1) 
where      is the directional vector of the magnetization with 1 unite length.     , 
     and      are the direction cosines of     . The equilibrium magnetization 
configuration of a given magnetic entity results from the minimization of the system’s 
total free energy (Etot), including the exchange energy (Eex), magnetocrystalline 




anisotropy energy (EK), the magnetostatic self-energy (Es), the external magnetostatic 
field energy (Eh) and magnetostrictive energy (Er).  
                                                               (1.2) 
After the total energy of the system is calculated by integrating the energy over the 
structure in question and expressed as function of M(r), the magnetization could be 
derived either statically by minimizing the total system energy, or dynamically by 
using LLG equation. The advantage of using Landau-Lifshitz-Gilbert (LLG) equation 
is that it provides information about the dynamic process of the magnetization 
evolution.  
The exchange energy Eex arises from the exchange coupling between the neighbors. In 
the continuum approximation Eex is given by, 
                       
 
  
        
                          (1.3) 




The magnetocrystalline anisotropy energy Ek describes the interaction of magnetic 
moment with the crystal field. The Eku and Ekc for uniaxial and cubic crystals are 
given by the following expressions, respectively, 
                              
          
                (1.4) 
                       
                   
              (1.5) 




where the bulk anisotropy constants for cubic, KC, and uniaxial, Ku, symmetry can be 
determined from torque magnetometry measurements. The energy due to 
magnetostriction can be included in the expression for the uniaxial anisotropy by 
appropriately adjusting the value of the anisotropy constant.
8
 
The self-magnetostatic field energy Es (Magnetostatic energy), which arises from the 
interaction of the magnetic with the magnetic field created by discontinuous 
magnetization distribution both in the bulk and at the surface, is reqresented in the 
following forms, 
                                  
 
 
                           (1.6) 
where the self-field Hs (demagnetization field) is determined from the negative 
gradient of the scalar magnetic potential, 
                                                               (1.7) 
It worth noting that, as Es is the result of the long-range dipole-dipole pair interaction, 
for each of the cells, the computation involves the contribution from all the cells. It is 
therefore the most computationally intensive aspect of solving the micromagnetic 
equation. Assuming the total number of cells in the system is N, the amount of 
numerical computations is at the order of N
2
, which easily becomes prohibitive as N 
increases. This is the main reason limiting the size of 3D system we can model. 
The external field energy Eh (Zeeman energy) for an applied field of H0 is simply 
given as 




                                                            (1.8) 
The dynamic motion of the magnetization of the cells is determined by the 
Landau-Lifshitz-Gilbert (LLG) equation, which has been examined to yield an 
accurate description of the time evolution of a magnetic moment of fixed magnitude 
in a magnetic field, has the form:       
 




    
            
  
        
                       (1.9) 
                             
     
   
                      (1.10) 
where M(r,t) is the magnetization distribution, Heff is the effective field including the 
applied external magnetic field, the demagnetizing field, the magnetocrystalline 
anisotropy field and the rf microwave magnetic field component. Ms is the saturation 
magnetization, γ is the gyromagnetic ratio (1.78×107s-1 Oe-1). The Gilbert damping 
coefficient α is a quantity that account for the overall energy damping. There have 
been experimental efforts measuring the damping constant by high-frequency 
permeability measurements or ferromagnetic resonance.  
        




Figure 1.2 Spin dynamics interpreted by LLG equation. 
Fig. 1.2 shows the dynamic motion of the magnetization (M) under an effective field 
(Heff). As shown in this picture, when a M is placed in Heff, it will process upon a 
torque τ= 
 
    
      . At the same time, the amplitude of procession will decay 
with time due to the damping term  
  
        
          , which would align 
M to Heff, The rate of decay is related to the damping constant  . The larger  , the 
faster the magnetization approaches the axis of the field direction, while it would 
process forever in the case of zero damping. For a single spin, the   determines the 
energy dissipation rate. However, for a collective system of spins, such as a magnetic 
thin film where all spins are interacting with one another through the short range and 
long range interactions, the effect of the   is not as straightforward. 
1.1.2 Micromagnetic packages 
To date, many micromagnetic packages have been established, such as OOMMF (The 
Object Oriented MicroMagnetic Framework) developed by Mike Donahue and Don 
Porter at the National Institute of Standards and Technology,
9















1.1.3 Application of micromagnetics 
Micromagnetics is a powerful tool to simulate the static magnetization configurations 











 and other polygons.
23-24
. Fig. 1.3 shows the simulated hysteresis loop with 




inset magnetization cross-section snapshots of a submicron permalloy cone.
25
 
Moreover, the micromagnetic simulation could provide the trajectory of 
magnetization during the switching process, as illustrated in Fig. 1.4. By adding a spin 
torque term (STT) in the LLG equation, the spin-polarized current induced 
magnetization switching can also be simulated,
26
 which is of great significance for the 
spin torque based devices,
27-28
 such as spin torque oscillators (STOs)
29
 and spin 




Figure 1.3 Simulated hysteresis loop and reversal mechanism for a cone where diameter and 




Figure 1.4 Modeling of electrically driven magnetization reversal.
31
 




Furthermore, the spin excitation under an alternating magnetic field could be 
simulated by micromagnetics as well, which is widely used in the simulating 
ferromagnetic resonance (FMR) and susceptibility of magnetic nanostructures. The 
basic procedure is as follows: Firstly, the magnetic spin configuration of the given 
magnetic nanostructure is simulated in the absence of external field. Then a 
time-dependent sinusoidal magnetic field is applied to excite the spins with (or 
without) external static magnetic field, depending on simulating FMR (or 
susceptibility). Finally, the FMR (or susceptibility) spectrum could be evaluated by 
applying Fourier transform techniques on the time dependent magnetization.
32
 As an 
example, Fig. 1.5 presents a vortex magnetization configuration of a permalloy 
nanodot and associated susceptibility spectrum. The local susceptibility map (inset in 
Fig. 1.5(b)) could also be visualized. 
 
Figure 1.5 Dynamic response of a permalloy nanodot within the frequency range 0.1–5 GHz.  (a) 
Equilibrium magnetization conﬁguration. (b) Dynamic susceptibility spectrum (imaginary part) 
and the associated local susceptibility map at the resonance frequency of the vortex core mode. 
The micromagnetic simulation could not only be applied on the individual or coupled 
finite size magnetic nanostructures but also is able to simulate infinite 2D films or 




periodic arrays by using the periodic boundary conditions (PBC). PBCs, also called 
Born-von Karman conditions, are a useful concept in many areas of physics. In 
micromagnetic simulations they allow efficient modeling of structures with certain 
geometries. Compared with open boundary conditions, which include the effects of 
the sample surface, the PBC neglect the influence of the sample surface in the 
analyzed problem. 
33
 This makes PBC an important tool for modelling magnetic data 
storage devices, such as Bit Patterned Media (BPM).
34-35
  







 and even thermal effect.
39
 In 
micromagnetism, the thermal effect can be investigated by including a random ﬁeld 
representing the effects of thermal noise in the LLG equation.
39
  For the nanoscale 
magnet, the thermal effect is quite significant for the switching behavior, especially 
when ﬁeld is weaker than the zero-temperature coercive ﬁeld.40 Therefore, the 
micromagnetic simulation could be utilized to gain deep understandings on the 
thermal assisted switching behaviors of nanostructures. However, it should be 
mentioned that the LLG based micromagnetic is not suitable for high temperature. 
When the temperature goes up to Curie temperature or even higher, the LLB equation 
could give a more accurate description of magnetization dynamics.
41
 At low 
temperature, LLB coincides with the LLG equation. In the thesis, the simulations 




were performed well below the curie temperature of material. Therefore, the LLG 
micromagnetic simulation could still give accurate results.  
Due to so many applications as mentioned above, the micromagnetism has become an 
indispensible branch in physics and material science. In this thesis, we mainly used 
the micromagnetic simulation to investigate the static magnetization configurations as 
well as reversal processes of different magnetic nanostructures in order to gain deep 
insight into various applications. 
1.2 Magnetic nanostructures 
During the past decades, the magnetic nanostructure has become a particularly 
interesting class of material for both scientific and technological research. As the size 
becomes comparable with certain critical lengths (i.e. spin diffusion length, carrier 
mean free path, magnetic domain wall width, etc.),
42
 the magnetic nanostructures 





 induced magnetization in noble metals,
47-48
 over their 
bulk counterparts. These unique phenomena in turns boom various applications. The 
following sections are intended to provide an introduction on the magnetism, 
fabrication and some applications of magnetic nanostructures.  
1.2.1 Magnetism of magnetic nanostructures 





Figure 1.6 A plot of magnetic coercivity (Hc) vs. particles size.
49-50
  
As mentioned previously, the shape and size are crucial for both the static and 
dynamic behaviors of magnetic nanostructures. Fig. 1.6 illustrates the magnetic 
domain evolution and size dependent coercity (Hc). As shown in the figure, when the 
particles size is above a critical value, namely single domain critical size (Dc), the 
multi-domain (MD) prevails. With the decrease of particle size, the coercivity 
increases and reaches a maximum at Dc, associated with a transition from MD to the 
single domain (SD), where all the spins in nanoparticles align parallel. Further 
decrease in particle size results in a quickly drop of the Hc because of the 
superparamagnetism phenomenon. The phenomenon occurs when the measurement 
time is much larger that the Neel relaxation time given by τ  τ    
  
   
, where  
τ  is a relaxation time (~10
-9
 s), kB is Boltzmann constant, T is temperature, K and V 
are the anisotropy constant and volume of nanoparticle, respectively. It can be seen 
from the above equation that the τ  decrease quickly with the decreasing particle 
size. Until τ  is much smaller than the measurement time, the moment of magnetic 




nanoparticle could flip without external field, leading to zero Hc. The 
superparamagnetism is a unique property of ultrasmall magnetic nanoparticles. It is 
useless for magnetic information storage but extremely useful for biomedical 
application over ferromagnetic nanoparticles. First, the size of superparamagnetic 
nanoparticle is so small that precipitation due to gravitation forces can be avoided.
51
 
Finally, the weak interaction is beneficial for the stability of the magnetic fluid.
52-54
 
Because of the above advantages, superparamagnetic nanoparticle is by far the most 
commonly employed for the ferrofluids and biomedical applications. However, the 
superparamagnetic nanoparticles possess weak magnetic interaction at the expense of 
their saturation magnetization (Ms). Ultrasmall nanoparticles suffer from surface 
effect due to high ratio of surface to volume, which could cause significantly decrease 




Figure 1.7 Surface spin disorder in a 2.5 nm particle.
56
 
The surface spin disorder, also called “spin canting” or “spin glass”, is an important 
finite size effect. Some examples can be found in CoFe2O4, NiFe2O4, γ-Fe2O3 and 






 Pal et al. reported a surface layer of 0.5 nm 
thickness containing disordered spins for 7 nm Fe3O4 nanoparticles by using Electron 
Magnetic Resonance (EMR).
60
 These disordered spins may lead to the reduction in 
Ms and lack of saturation in high magnetic ﬁeld. So far, there are several compelling 
reasons responsible for the spin disorder at the surface of magnetic nanoparticles. One 
of the reasons is the reduced coordination and broken exchange bonds between 
surface spins, as shown in Fig. 1.7.56,61 Apart from the surface spin disorder, another 
surface-driven effect is the enhancement of the magnetic anisotropy with decreasing 
particle size,
62
 which could even exceed the value of the crystalline and shape 
anisotropy.
52
 Therefore, the effective anisotropy (Keff) of a spherical nanoparticle 
could be described by the sum of the surface anisotropy (Kv) and volume anisotropy 
(Ks), namely  
Keff=Kv+6Ks/d,                     (1.11) 
where d is the diameter of the particles.
62
 It is apparent that the contribution of surface 
anisotropy is negligible for large particles, while it is significant at small particle 
sizes.  





Figure 1.8 Shape effect on the spin configuration of magnetic nanostructures. (a) Calculated  
magnetic phase diagram for disk-shaped permalloy elements.
63
 (b) Magnetic phase diagrams for rings 
with different inner to outer diameter ratio (β). F, V, and O indicate ferromagnetic out-of-plane, 
vortex, and onion conﬁgurations.
64
 
Besides the size effect, the shape effect also plays an important role in determining 
the magnetic properties of nanostructures. Different shape prefers different magnetic 
domain structures for the energy minimization, which in turns leads to tremendous 
variation in both static and dynamic magnetic properties. Fig. 1.8(a) shows a 
calculated phase diagram of permalloy nanoelements. 63 It can be seen that three kinds 
of magnetic domain structures, namely in-plane single domain state, out-of-plane 
single domain state and vortex state, are observed for the nanodisc with different 
geometry. Similar phase diagram was found in the magnetic nanorings, as shown in 
Fig. 1.8(b). Among the different magnetic domain structures, the flux closure vortex 
domain structure, where the spins align circularly, is a more common magnetic state 
in the circular magnetic elements (i.e. nanodisc, ellipses, nanoring, etc.) and has been 
intensively studied.
65-66
 Especially, the magnetic vortex of nanodisc is of prime 
interest because the muti-states (the up or down polarity of the vortex core, the 




clockwise or counter-clockwise chirality of the in-plane magnetization) could be 
potentially used as a promising memory unite in non-volatile Random Access 
Memory (RAM) data storage systems.
67-72
 On the other hand, the variation of 
magnetic domain states lead to dramatic changes in the reversal process of magnetic 
nanostructures, which has been intensively studied by micromagnetic simulation as 
well as experiment techniques, such as Magnetic Force Microscopy (MFM), Lorentz 





Figure 1.9 Magnetic switching processes of different magnetic nanostructures.
75 
Fig. 1.9 provides an example of different reversal processes in magnetic nanorings 
and nanodisc simulated by Wen et al.
75
 It suggests that the occurrence of vortex 
domain state could result in multi-steps switching process. Meanwhile the switching 
field is very sensitive to the geometry (i.e. thickness, diameters and aspect ratio).
76
 
Since the switching process of ferromagnetic nanorings was is crucial for the practical 




applications, ongoing effort is been made to precisely control the switching process. 
For instance, switching phase diagrams were established for nanorings.
75,77
 The 
slotted-nanoring were found to exhibit very stable remanence states and rapid 





 Moreover, the circulation of vortex in magnetic nanorings was proved 
to be controllable by introducing either a pinning-center or asymmetry (center is 
deviated from the middle of the ring) into the rings.
80-81
  
In the above sections, the size and shape effects on the static magnetic behaviors of 
magnetic nanostructures have been introduced. Additionally, the two factors also play 
important roles on the dynamic properties. Kittle’s formula,82 which describes the 
resonance frequency of single domain nanostructures in Ferromagnetic resonance 
(FMR), is a good example of shape effect on the dynamic magnetic properties of 
nanostructure. The details of the shape and size effect on the dynamic properties of 
magnetic nanostructures will be elaborated in section 1.2.3.3. Overall, it can be 
concluded that the magnetic properties of nanostructure is rather complex because of 
the prominent size, surface and shape effect. On the other hand, the novel phenomena, 
coming from the combination of these effects, make the magnetic nanostructure very 
attractive not only for fundamental research work but also for a broad range of 
applications.  
1.2.2 Fabrication of magnetic nanostructures 




Nowadays, there are many approaches for the fabrication of magnetic nanostructures. 
In general, these approaches can be tailored into physical and chemical methods. Each 
method has their own advantages and disadvantages depending on different 
applications. The physical fabrications, such as pulsed laser deposition (PLD),
83
 
molecular beam epitaxy (MBE)
84
 and magnetron sputtering,
85
are the most refined 
technique routinely used for the thin film deposition. By combination the above 
technique with either photolithography or electron beam lithography,
86
 periodically 
patterned nanostructures could be well defined using a traditional “lift-off” process, 
which is particularly useful in spintronics and high density data storage.
87
 For many 
applications in the bio-sciences, chemical and electrochemical synthesis of magnetic 
nanoparticles are used. 
1,88
 Compared with the chemical method, the physical 
approach is famous of its high precision in dimension and shape control. However, 
low efficiency in large-scale fabrication and high cost of equipment are the major 
limitations that hinder the physical fabrication from wide application. By contrast, the 
chemical method is of high efficiency and low equipment cost. More importantly, the 
rapid development in chemical synthesis makes it possible to fabricate various 
nanostructures (i.e. nanoring, nanotube, nanorod and nanodisc, etc.). Therefore, the 
chemical method has been extremely widely adopted for the fabrication of different 
nanostructures. So far, a number of chemical methods have been developed, such as 
co-precipitation, thermal decomposition, micelle synthesis and hydrothermal 




synthesis. The table below shows the reaction conditions and features of the above 
four chemical methods. 
Table 1.1 Comparison of the chemical methods for the synthesis of magnetic nanostructures.
52
 
Table 1.1 shows a comparison between four of the most famous chemical methods for 
the synthesis of magnetic nanostructures. As shown in the table, the co-precipitation is 




 salt solutions by the 
addition of a base under inert atmosphere at room temperature or at elevated 
temperature (<90
o
). Though the yield is high scalable, the size distribution and shape 
control are big issues for this method. In comparison, the thermal decomposition 
method, based on the decomposition of organometallic precursors at high temperature 
(<320
o
), is a complicated method held in organic phase. Moreover, it could achieve 
very narrow size distribution as well as very good shape control. That is the reason 
why this method is currently considered as a standard chemical method for the 
synthesis of monodisperse magnetic nanoparticles. Additionally, the microemulsion is 
also a vital approach for nanostructure fabrication. It relies on the phenomenon that 
“water-in-oil” microemulsion can be formed when water is dispersed in a 




hydrocarbon based continuous phase. The water core (only a few nanometers) could 
offer a suitable environment for controlled nucleation and growth of magnetic 
nanoparticles.
89
 However, it should be emphasized that although the shape can be 
tuned through selective adsorption of molecules on to facets of the nanocrystal the 
size distribution final product is not as good as the thermal decomposition method. 
Furthermore, the yield of the microemultion is quite low, which keeps this method 
away from large scale applications. Compared with the former three methods, the 
hydrothermal synthesis possesses the advantages of simple fabrication, narrow size 
distribution, very good shape control and relative high yield. Moreover, the size of 
nanostructure could be tuned in a wide range from nanometer to micrometer, which is 
superior to the thermal decomposition method. Therefore, the hydrothermal synthesis 
really offers us a promising method for large scale fabrication of magnetic 
nanostructures. To date, various hydrothermal systems have been established aiming 
for different magnetic nanostructures. One of the examples is the FeCl3-NH4H2PO4 
system, which has been employed to successfully fabricate a series of iron oxide 
nanostructures, including nanoring, nanotube, nanorod and nanodiscs.
90-93
 





Figure 1.10 Schematic illustration of the hydrothermal thermal formation process for α-Fe2O3 
nanostructures mediated by phosphate and sulfate Ions. 
94
 
Fig. 1.10 illustrates the formation process for the hematite nanostructures. As shown 
in the figure, α-Fe2O3 nanorings or nanotubes can be obtained by varying the 
concentration of NH4H2PO4 and Na2SO4. The α-Fe2O3 could be converted into 
magnetic Fe3O4 by subsequent reduction in hydrogen/argon gas ﬂow at 360 
O
C. 94 
Moreover, different spinel ferrite MFe2O4 (M=Co, Mn, Ni, Cu) nanotubes/nanorings 




 ions in high temperature 
solid-solid reaction. 90 Similar hydrothermal reaction can be used to fabricate Fe3O4 
nanodisc and nanorod.
92
 The detailed experimental condition is listed in the table 1.2. 
It is apparent in the table that the size and shape (i.e. nanodisc, nanoring, nanotube 
and nanorod.) can be well controlled by changing the FeCl3 to NH4H2PO4 ratio and 
the reaction time. 




Table 1.2 Synthesis conditions for different -Fe2O3 nanocrystals. 
92
 











220 ℃ (h) 
150-disk 5 0.72 40 150 ± 13 ----- 10h 
154-ring 5 0.72 40 154 ± 15 117 ± 12 48h 
74-ring 10 0.36 40 74 ± 9 64 ± 9 48h 
70-tube 20 0.72 40 70 ± 10 363 ± 79 48h 
120-rod 26.7 0.48  30 120 ± 14 366± 55 48h 
98-rod 20 0.36 40 98 ± 8 244 ± 25 48h 
61-rod 13.3 0.24 60 61 ± 5 136 ± 21 48h 
55-rod 10.7 0.192  75 55 ± 4 113 ± 11 48h 
 
Apart from the FeCl3-NH4H2PO4 hydrothermal system, Chen et al also reported an 
alcohol-thermal reaction for the fabrication of uniform α-Fe2O3 nanoplates, the size of 
which can be finely tuned by the selective use of alcohol solvent with increasing 
carbon atom number in the linear alkyl chain.
95
 In this thesis, the above two 
hydrothermal systems were adopted for the fabrication of different Fe3O4 
nanostructures (i.e. nanoring, nanodisc and nanorod). Thermal decomposition method 
was also utilized to synthesis superparamagnteic or ferrimagnetic Fe3O4 nanoparticles.  
1.2.3 Applications of magnetic nanostructures 
The ever growing nanotechnology makes it possible to utilize the unique physical 
properties of magnetic nanostructures to create a vast range of applications. 
Nanomedicine is a good example. To date, magnetic nanoparticles have been widely 
used in biomedical applications due to the flowing reasons: First, the dimensions of 
the nanoparticles are comparable with cell (10–100 µm), a virus (20–450 nm), a 
protein (5–50 nm) or a gene (2 nm wide and 10–100 nm long).96 Therefore, the 




magnetic nanoparticles have the ability to get close to biological entity of interest. 
Secondly, the magnetic nanoparticles could be manipulated by external magnetic field, 
which opens up many applications involving the transport and/or immobilization of 
magnetic nanoparticles. Finally, nanoparticles have a large surface that can be 
properly modified to attach biological agents.
97
 Owing to these advantages, magnetic 
nanoparticles have been widely used in biomedicine area, such as hyperthermia,
3,98-99
 
magnetic resonance imaging (MRI),
4,100





 Moreover, the magnetic fluid,
105
 stable colloidal 
suspensions of magnetic nanoparticles in carrier liquids, is also an important 
application of magnetic nanoparticles. The ultra-small volume and weak 
inter-particles magnetic interactions enable the superparamagnetic nanoparticles to be 
stably suspended in liquids carriers. Equipped with both liquid behavior and magnetic 
feature, the ferrofluid has been adopted in Electronic devices, Mechanical engineering, 
biomedical applications and even art work.
106-107
 Besides, the magnetic nanostructures 
impart ultra-high density data storage due to a phenomenal increase in the number of 
bits stored in a unit area.
87
 Though the decrease in bit size would be meet the 
superparamagnetism limitation, various novel nanotechnologies have been proposed 
to breakthrough this dilemma, such as the heat assisted magnetic recording 
(HAMR)
108
, microwave assisted magnetic recording (MAMR)
109
, bit patterned 
magnetic recording (BPMR).
110
 Additionally, considerable attention has been paid 
resent years to application of magnetic nanostructures in microwave devices. The 




reduced eddy current loss, low density and tunable microwave properties, which can 
be controlled by different sizes, shapes and orientations, make the magnetic 
nanostructure as an excellent candidate for the microwave applications.
111
 
Though the applications of magnetic nanostructures nearly involves so many fields, 
this main emphasis of the thesis is placed on three applications, namely magnetic 
colloid, magnetic hyperthermia and microwave nature resonance, which requires high 
magnetic permeability at microwave frequency. Other applications are beyond the 
scope of the thesis. In the following sub-sections, we will provide literature reviews 
on the working principle and current states of the above three applications. 
1.2.3.1 Ferrofluids 
Ferrofluids (magnetic colloids) and stable colloidal suspensions of magnetic 
nanoparticles in carrier liquids have attracted great interest in the past few years due 
to their broad bio-applications such as hyperthermia, magnetic resonance imaging 
(MRI), and magnetic targeting drug delivery. Generally, the ferrofluid is composed by 
the liquid carrier and the magnetic core, which is usually coated with surfactant to 
avoid aggregation, as illustrated in Fig. 1.11 (left). Furthermore, the ferrofluids differ 
from ordinary paramagnetic fluids in that they have high magnetic susceptibility (χ) 
and are able to be saturated in moderate fields. In addition, they do not exhibit 
magnetic hysteresis (zero coercive force). 





Figure 1.11 Schematic drawing of ferrofluid. The fluid is appears to consist of small magnetic 
particles dispersed in a liquid (left). Each particle consists of a single domain iron oxide core, and 
a surface grafted with surfactant (right). 
The colloidal stability of the ferrofluid is essential for the practical applications.
112
 
Generally, the colloidal stability is a result of the competition between thermal energy 
kBT (kB is the Boltzmann constant, T is temperature) and several interactions in the 
ferrofluids system. The interactions in the ferrofluid system could be divided into 
repulsive interactions and attractive interactions. The repulsive interactions mainly 
refer to the steric repulsion, coming from the interaction of the long tails of surfactant 
molecules. The electrostatic interactions may also contribute to the repulsive force if 
the surfactant molecules carry electric charges.
113
 On the other hand, the attractive 
interaction includes van der Waals and the magnetic dipole-dipole attractions. The 
van der Waals interaction is a short-range attractive force increasing with particle size. 
In comparison, the dipole-dipole interaction is a long range attractive interaction 
decreasing slowly with distance, as shown in Fig. 1.12. Hence, the dipole-dipole 
interaction plays a crucial role in the colloidal stability when particles are in a certain 




distance. In order to minimize the dipole-dipole interaction, the superparamagnetic 




Figure 1.12 Potential energy (P.E.) as a function of the interparticle (surface-to-surface separation) 
distance δ. The particle diameter d is 10 nm.  
For the superparamagnetic nanoparticles, the individual particles behave like 
paramagnets at room temperature and retain negligible remanence after removal of 
applied field. As a result, they are not subject to strong dipole-dipole interactions thus 
could be readily stabilized in physiological conditions.
52-54
 However, as mentioned 
previously, the superparamagnetic nanoparticles possess weak magnetic interaction at 
the expense of their saturation magnetization. Ultrasmall magnetic particles usually 
exhibit reduced magnetization, which could be attributed to possible surface effect 
and serious thermal fluctuation due to the reduction in anisotropy energy.
55
 Compared 
to the superparamagnetic nanoparticles, the ferri or ferromagnetic nanoparticles 
possess higher magnetization because of less above effects. However, the high 
remanence would lead to huge dipole-dipole interaction, which is detrimental to the 




stability of ferrofluid. Fig. 1.13 shows a schematic illustration of interacting 
superparamagnetic nanoparticles and ferromagnetic nanoparticles. As shown in Fig. 
1.13(a), the superparamagnetic nanoparticles could be easily dispersed without 
aggregation because of superparamagnetic relaxation, which appears in small 
ferromagnetic or ferromagnetic that the magnetic moment of nanoparticle rotate 
randomly under the influence of temperature. Whereas, the ferromagnetic 
nanoparticles could form “dipole glass” (Fig. 1.13(b)) or chain like structure (Fig. 
1.13(c)) due to strong dipole-dipole interaction. 
 
Figure 1.13 Illustration of interacting magnetic nanoparticles. (a) Isolated superparamagnetic 
nanoparticles due to superparamagnetic relaxation. (b) Interacting ferromagnetic nanoparticles 




An alternative approach to achieve weak magnetic dipole-dipole attraction is the 
ring-shaped structure.
117
 The ring geometry allows the existence of closure structure 
vortex magnetic configuration, either clockwise or counter clockwise, thus 
minimizing magnetic interaction between nanorings.
118-119
 This feature makes it 
possible to realize weak magnetic interaction even at size much larger than the 




superparamagnetic threshold. Therefore, the ring-shaped structure could be a 
promising candidate for stable magnetic suspension.  
1.2.3.2 Magnetic Hyperthermia 
Magnetic hyperthermia is a cancer treatment technique based on the fact 
that magnetic nanoparticles exposed to an alternating magnetic field could generate 
heat, which increases the temperature up to above 42°C. In practice, the magnetic 
nanoparticles can be injected into human body and concentrated at the site of tumor 
cells using external magnet. By applying an AC magnetic field, heat will be generated, 
resulting a local temperature rise. The temperature rise in turns induces the death of 
tumor cells.
120-121
 While, the surrounding normal cells could survive because of better 
heat resistance superior to the tumor cells.
122
 Compared with traditional therapeutics 
(i.e. Surgery, Chemotherapy, Radiation Therapy, etc.), the magnetic nanoparticle 
hyperthermia shows the advantages of enhanced efficacy, low side effects, more 
targeted localization in tumours and active cellular uptake. The success of clinical 
trials demonstrated the feasibility of this technique. Two mechanisms, namely 
relaxation loss and hysteresis loss, are mainly responsible for the heat dissipation 
dissipation of superparamagnetic nanoparticles subjected in the alternating field. The 
Brownian relaxation refers to the rotation of particle due to the torque under external 
field, while the Neel relaxation refers to the rotation of magnetic moment, as 
illustrated in Fig. 1.14. 





Figure 1.14 Illustration of Néel and Brownian relaxation of magnetic nanoparticles 
exposed in external magnetic field.123 
As shown in Fig. 1.14, in Brownian relaxation the nanoparticle rotates due to the 
magnetic torque arising from the misallignement of magnetic moment and external 
field, while the magnetic moment is fixed along one direction with respective to the 
field. In comparison, Néel relaxation describes the rotate of magnetic moment while 
the nanoparticle is stationary. 
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where τ  is the Néel relaxation time, τ  is the Brown relaxation time, τ is the 
effective relaxation time, τ  is about 10
-9
 s, K is the magnetic anisotropy constant, 
Vh is the Hydrodynamic volume of nanoparticle (the volume of a hypothetical hard 
sphere that diffuses in the same fashion as that of the particle being measured), VM is 
the nanoparticle volume, kB is the Boltzmann constant, T is the temperature,   is the 
viscosity of the base liquid (water 8.94          ). The heat dissipation (P) of the 
relaxation loss is given by  
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where  is particle density,   is volume fraction,    is vacuum permeability 
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In addition, a speciﬁc absorption rate (SAR) is proposed to estimate the heating 
performance of the thermal seed,
125
  
                               
 
  
                         (1.18) 
It is worth noting that the above Brownian-Néel relaxation loss is the main resource of 
heat generation in the superparamagnetic regime. When the size of magnetic 
nanoparticle is increased into the ferromagnetic or ferromagnetic regime, the 
hysteresis loss becomes dominant instead of the relaxation loss. The hysteresis loss 




originates from the hysteresis behavior of ferromagnetic or ferromagnetic magnetic 
element when exposed to a time varying magnetic field. The amount of heat generated 
per volume is given by 
                                                    (1.19) 
The calculation of the hysteresis loss is more completed compared with the relaxation 
loss. Different methods are applicable in different particle size regions. For example, 
linear response theory is valid for the SPM nanoparticles.
126
 The Stoner–Wohlfarth 
model based theories are applicable for the coherent rotation of ferri or ferromagnetic 
nanoparticles.
126
 Moreover, numerical methods were also developed to calculate the 




 However, the theoretical 
methods mentioned above are only suitable for the single domain particles. For big 
nanostructure with non-uniform spin configurations, micormagnetic simulation is the 
only theoretical tool that can describe the hysteresis behavior.
6
  
After knowing the mechanisms of magnetic hyperthermia, a lot of work has been 
devoted for optimization of the heating seed to achieve the maximum heat dissipation 
ability. Generally, the optimization was mainly focused on three aspects, namely 
compositions, sizes, and shapes. The composition determines the Ms and K, which 
definitely influence the hyperthermia performance. Therefore, the FeCo nanoparticles 
with high magnetization superior to the ferrite were intensively studied as heating 
seeds for hyperthermia. 
129-131
 Recently, very high heat emission capability was 




obtained in the core-shell nanostructure by adjusting surface and exchange 
anisotropy.
125
 Nevertheless, it should be emphasized that the iron oxides (i.e. Fe3O4 
and γ-Fe2O3) are the most promising candidate due to their outstanding 
bio-compatibility.
132
 Meanwhile, much attention has been paid to investigate the size 




 Hergt proposed that maximum 
heat generation may be expected by preparation of particle suspensions with narrow 
size distribution and with a mean diameter that corresponds to the maximum 
coercivity in the single domain.
135
 Besides, the shape is also a crucial factor in 
magnetic hyperthermia. Vallejo-Fernandez et al. pointed out that even slight shape 
distribution would result in significant change in hysteresis loss for the hyperthermia 
system where the shape anisotropy dominates.
136
 Ma et al. reported that the magnetite 
nanoplates exhibited high SAR values.
137
 Moreover, the cubic nanoparticles was 
demonstrated to exhibit higher power absorption values than the spherical, which was 
attributed to higher shape anisotropy than the nanospheres.
138
 It can be known from 
above discussion that the magnetic hyperthermia is very sensitive to parameters of the 
heating seed, such as size and size distribution, shape and shape distribution, and 
composites (related to Ms and anisotropy). Therefore, magnetic nanostructures with 
different shapes and sizes are an interesting topic in the magnetic hyperthermia.  
1.2.3.3 Microwave Electromagnetic (EM) Applications  
The above sections review two applications of magnetic nanostructures working at 
low frequency. This section will review the applications at microwave frequency 




(gigahertz). Microwaves are electromagnetic waves with wavelengths ranging from as 
one meter to one millimeter. Microwaves are widely used in wireless communication, 
remote sensing, navigation, materials characterization, information storage, 
microwave absorption and so on. As a result, the microwave electromagnetic property 
of magnetic material is of practical importance. Compared with its bulk material for 
the high frequency applications, the magnetic nanostructures possess the advantage of 
low eddy current loss.
139
 It is known that the incident electromagnetic wave would 
induce eddy current in the material, leading to the significant decrease in permeability 
at high frequency.
140
 In order to decrease the eddy current loss, it is advantageous to 
use the particles with the sizes not exceeding the skin depth.
141
 The skin depth δ is 
given by 
                            
 
   
                        (1.20)      
where   is the angular frequency,   and    are the intrinsic permeability and 
conductivity of magnetic particles, respectively.
142
 For iron, the   is about 1-2  m at 
around 5 GHz. The value would be even smaller at high frequency.
141
 Therefore, the 
magnetic nanostructures, which are well below the skin depth, are promising 
candidates for microwave application. Moreover, the microwave electromagnetic 
properties strongly depends on the morphology of the nanostructure.
1-2 
Different 
morphologies favor distinct mangetic domain structures, providing much flexibility 
for control of working frequency for different applications. Due to these reasons, 




various magnetic nanostructures (i.e. ﬁllers,143 flakes,144 and hollow spheres,145 etc.) 
have been developed during the past decades and their high frequency properties, 




Among these properties, the frequency dependent permeability is crucial for the high 
frequency performance. The permeability   is a complex number at non-zero 
frequency, which is composed by a real part and imaginary part, namely 
                                 
     
                 (1.21) 
where   is the vaccum permeability,      
     
   is the complex relative 
permeability,   
  and   
   are real part and imaginary part of complex relative 
permeability. The dependence of complex permeability on frequency f is known as 
permeability spectrum.  
 
Figure 1.15 Illustration of Frequency dependent permeability spectrum of ferromagnetic 
material.
148
 The spectrum is divided into 5 regions, namely region I (<10 Hz, low frequency band), 












 Hz, microwave frequency band) and region V (>1010 Hz, extremely high 
frequency band).147 Note that the eddy current loss is neglected. 
Fig. 1.15 illustrates a typical permeability spectrum of ferromagnetic material. The 
spectrum is divided into 5 regions.
147
 At the low frequency band (<10
4
 Hz),   
  is 
constant, while   




 Hz), it is 
possible to observe magnetic internal friction peak, dimensional resonance or   
magnetomechanical coupled resonance, which has their origin in the size of the 
materials.
149




 Hz), domain wall resonance and 
relaxation dominate.
150




 Hz), natural resonance is 
dominant with a resonant peak observed for   
  .
82
 At the extremely high frequency 
band, internal exchange ﬁeld is the main contributor.147 Herein, we only focus on the 
microwave frequency band, where the nature resonance is the major mechanism for 
the permeability. The nature resonance is an extreme case of ferromagnetic resonance, 
where the external magnetic field is zero.
151-152
 The basic principle is the precession of 
magnetization about the effective anisotropy field Heff when applying a transverse ac 
field, as depicted in Fig. 1.2. When the frequency of the microwave satisfies,  
                                                        (1.22) 
the energy is absorbed strongly from the ac transverse ﬁeld then the resonance takes 
place. This resonance frequency is very important for practical application, which 
indicates the upper limit of working frequency. Beyond this resonance frequency, the 
relative permeability would quickly drop to unit and the material would become 




useless. It should be noted that the Heff in the above equation comes from the 
magnetocrystalline anisotropy when the magnetic nanostructure is spherical. For 
none-spherical nanostructures, the shape anisotropy should also contribute to the 
anisotropy field.
153
 In that case, Kittle’s formula gives the resonance frequency.82 The 
Kittle’s formula is written as follows: 
                γ               γ                   (1.23) 
where  a is the crystalline anisotropy field of material,       , Ni (i=x, y, z) is 
the demagnetizing factor, which is related to the geometry of the magnetic 
nanostructure. For sphere, Nx=Ny=Nz=1/3. For infinite rod (along z axis), Nx=Ny=0.5, 
Nz=0. For film (in x-y plane), Nx=Ny=0, Nz=1. It should be emphasized that the 
Kittle’s formula is valid on the single domain assumption. For complex domain 
structure, the micromagenic simulation would give a more precise result on the 
microwave magnetic behaviors, which has been elaborated in section 1.1.3.  
Apart from the resonance frequency fr, the initial permeability   
  (the permeability 
at relative low frequency) is also crucial for practical application. Generally, higher 
  
  would always benefit the performance of microwave devices. For spherical 
nanoparticles, the   
  could be estimated by 
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Combine Eqn. 1.24 with Eqn. 1.22, it gives the well known Snoek’s limit,154 
expressed as  
                              
                            (1.25) 
where         is the angular resonance frequency,       . The Snoek’s limit 
clearly suggests that the product of resonance frequency and initial permeability is 
limited by the saturation magnetization Ms. In another word, the resonance frequency 
and initial permeability cannot be enhanced at the same time. Eqn. 1.25 is valid for 
the cubic or uniaxial magnetocrystalline material.  
It is worth noting that these above methods are derived from the LLG equation. As an 
electromagnetic (EM) wave, Maxwell’s equation should be satisfied together with 
LLG equation thus coming up with the LLG&Maxwell method. The results obtained 
from the LLG&Maxwell method suggests that the relative orientation of wave 
propagation and magnetization does affect the high frequency permeability spectrum 
of magnetic nanostructure.
155-157
 In this method, two extreme cases are usually 
defined, namely the LFC and TFC. In LFC (Longitudinal Field Case), the wave vector 
is parallel to the magnetization, while they are perpendicular to each other in TFC 
(Transverse Field Case). The two cases give distinct resonance frequency and the 
relationship is given by
158
  
                       
       
      
                        (1.26) 




where the subscript LFC and TFC indicate the relative orientation of corresponding 
resonance frequency   
1.3 Research objectives  
1) In view of the reasons mentioned in section 1.2.3.1, the vortex based magnetic 
nanorings could be a promising candidate of magnetic fluid because the “flux 
closure” vortex state could result in zero weak magnetic interaction, which is 
beneficial for the colloidal stability of the magnetic fluid. However, the vortex 
state is strongly dependent on the size of the nanoring. Though much attention 
has been paid to address this issue, most of the works were focused on the metal 
material. To date, there are few reports on Fe3O4, which is the major material 
used in biomedicine application because of its excellent biocompatibility. 
Therefore, one of the aims of the present study is to evaluate the vortex domain 
state in Fe3O4 nanoring that allows the. This study might pave the way to develop 
the vortex based magnetic colloid for biomedicine applications. In this part, the 
micromagnetic simulation was performed to determine the geometric 
requirements for the vortex domain structure. Moreover, the vortex based Fe3O4 
nanoring colloid will be demonstrated in experiment.  
2) As mentioned previously, the magnetic hyperthermia properties of magnetic 
nanostructures are of prime interest due to the effect of shape anisotropy. 
Different shapes could result in distinct magnetic domain structures and 




hysteresis losses, which are mainly responsible for the heat dissipation of 
non-superparamagnetic nanostructures. Therefore, shape control is an effective 
way to optimize the heat dissipation of magnetic nanostructures. Based on this 
fact, the magnetic hyperthermia of different Fe3O4 nanostructures (i.e. nanoring, 
nanodisc, superparamagnetic and ferromagnetic nanoparticles) will be 
investigated in the second part. Additionally, micromagnetic simulation will be 
performed to examine the measured specific absorption rate (SAR) of the 
nanostructures. This work may contribute to a better understanding in shape 
related magnetic hyperthermia of magnetic nanostructures.  
3) In the light of literature review on the microwave permeability, it is known that 
there is an urgent need for a numerical LLG&Maxwell method. Aiming to 
address this problem, herein we attempted to develop a numerical model by 
combining LLG&Maxwell and micromagnetic simulation, which could consider 
both the magnetic domain structures and wave orientation. Comparison with 
experimental results will be also provided for verification. This model may offer 
us an effective tool to predict the microwave permeability of different magnetic 
nanostructures. 
1.4 Scope of the thesis 
As introduced in the above section, this thesis mainly focuses on three areas, namely 
vortex based Fe3O4 nanoring fluid, magnetic hyperthermia of Fe3O4 nanostructures 




(i.e. nanoring, nanodisc, superparamagnetic and ferromagnetic nanoparticles) and 
microwave permeability calculation of magnetic nanostructures. During the 
investigation of the above three applications, both experiment and micromagnetic 
simulation will be provided for comparison. Other applications are beyond the scope 
of the present. 
The content of the thesis would be arranged as follows: In section 2, the fabrication of 
different Fe3O4 nanostructures, characterization techniques and micromagnetic setup 
will be introduced. In section 3, the vortex based stable Fe3O4 nanoring colloid will be 
proposed. Section 4 and 5 will investigate the magnetic hyperthermia of different 
Fe3O4 nanostructures. Among the two sections, section 4 will focus on the 
hyperthermia properties of the Fe3O4 nanoring, while section 5 will focus on the 
hyperthermia of Fe3O4 nanodiscs. In the last section, a predictive model for the 
calculation of microwave permeability will be established.  
  








CHAPTER 2: Fabrication, Characterization and 






















In this thesis, various Fe3O4 magnetic nanostructures were fabricated by different 
chemical methods for investigation. Hydrothermal methods and subsequent reduction 
were mainly adopted for the fabrication of Fe3O4 nanorings, nanorods and nanodiscs. 
In addition, traditional high temperature decomposition method was also utilized to 
synthesize superparamagnetic or ferrimagnetic nanoparticles for comparison. The 
shapes and sizes of products are controlled by adjusting reaction conditions, which 
will be elaborated in the following sections. 
2.1.1 Synthesis Fe3O4 nanodiscs 
 
Figure 2.1 Scheme of synthesis of Fe3O4 nanodiscs. 
Fig. 2.1 illustrates the fabrication process of Fe3O4 nanodiscs. As shown in this figure, 
the synthesis of the Fe3O4 nanodiscs includes two steps. Firstly, the α-Fe2O3 nanodiscs 
were synthesized by a hydrothermal method, as proposed by Chen et al.
95
 Then the 
α-Fe2O3 nanodiscs were converted into Fe3O4 nanodiscs by a wet chemical reduction 
process. The details of the two steps are as follows: 




In the first step, the α-Fe2O3 nanodiscs were prepared through facile alcohol-thermal 
reaction described elsewhere.
95
 In a typical synthesis of α-Fe2O3 nanodiscs, 1.09 g 
FeCl3·6H2O and 2.8 ml distilled water were dissolved in ethanol (40 ml) by 
magnetic stirring. After completely dissolved, 5 g of sodium acetate was added into 
the mixture. The mixture was then sealed in a Teflon-lined stainless steel autoclave 
(100 ml) and maintained at 180 ℃ for 12 h. The red precipitates were collected by 
centrifuge after the mixture was cooled naturally to ambient temperature. The product 
was then washed with distilled water several times and dried at 60 ℃ for further 
reduction.  
In the second step, the synthesized α-Fe2O3 nanodiscs were reduced into spinel Fe3O4 
nanodiscs by a hydrogen-wet method.
92
 In a typical reduction process, α-Fe2O3 
nanodiscs (100 mg) and trioctylamine (TOA; 20 g) were mixed by ultrasonic for 30 
mins, followed by addition of oleic acid (OA; 1 g). The mixture was fluxed at 
340℃under sufficient air flow of H2 (5%) and Ar (95%) for about 30 mins until the 
color changes to dark. After the mixture was cooled to ambient temperature, the 
product was collected by centrifuge and washed 3 times with toluene. The final 
product was dried at 60 ℃ for characrization. It should be noted that the amount of 
OA plays an important role in the reduction process. Insufficient OA would cause 
incomplete reduction, while excessive amount of OA could lead to the destruction of 
nanodisc. It was found that the optimum amount about 1 g. 




In order to control the size of α-Fe2O3 nanodisc, we adjusted the amount of distilled 
water, as reported elsewhere.
95
 If the amount of water is increased to 5.3 ml, the 
diameter of nanodisc could be largely reduced.  
2.1.2 Synthesis Fe3O4 nanorings and nanorods 
Similar to the synthesis of Fe3O4 nanodisc, the two-steps hydrothermal fabrication and 
subsequent reduction process were adopted to obtain Fe3O4 nanorings and nanorods. 
In a typical synthesis, a mixture of FeCl3, NH4H2PO4 and deionized water (40 ml in 
total) were kept in autoclave (120 ml) at 220℃ for 48h. By adjusting the ratio of 
FeCl3 to NH4H2PO4, nanoring or nanorod could be obtained. For the nanoring, 10 ml 
FeCl3 (mM) and 0.36 ml NH4H2PO4 (mM) were used. In comparison, the amount of 
20 ml FeCl3 was doubled for the fabrication nanorod. The transition from Fe2O3 to 
Fe3O4 phase was also achieved by the wet reduction method, as described in the 
synthesis of Fe3O4 nanodisc.  
2.1.3 Synthesis of Fe3O4 nanoparticles 
For the sake of comparison with Fe3O4 nanostructures, superparamagnetic and 
ferrimagnetic Fe3O4 nanoparticles were fabricated via a tradition high temperature 
decomposition method.
159
 In the synthesis of 10 nm superparamagnetic Fe3O4 
nanoparticles, 10 mmol iron(III) acetylacetonate [Fe(acac)3] and 40 ml oleic acid (OA) 
were added into 50 ml benzyl ether. The mixture was purged with nitrogen gas for 
about 30 min to remove air at room temperature. Then the mixture was slowly heated 
to 165 ℃ for 30 min and heated further to 280 ℃. After 30 min refluxing, the 




mixture was cooled down to room temperature after reaction. Finally, the Fe3O4 
nanoparticles were separated by centrifugation and washed with toluene. The particle 
size was controlled by adjusting the amount of Fe(acac)3 precursor. 14 mmol and 16 
mmol Fe(acac)3 precursors will result in ferrimagnetic nanoparticles with particle size 
of around 58 and 114 nm, respectively. 
3.2.3 Synthesis of phosphorylated-MPEG modified Fe3O4 nanoring  
In chapter 3, the Fe3O4 nanorings were dispersed into water by coating with 
amphiphilic phosphorylated-MPEG. The fabrication of the phosphorylated-MPEG 
modified Fe3O4 nanoring is illustrated as below. 
 
Figure 2.2 Scheme of the fabrication of phosphorylated-MPEG modified Fe3O4 nanoring. 
The scheme of the fabrication of phosphorylated-MPEG modified magnetite nanoring 
is illustrated in Fig. 2.2. In a typical experiment, 10 mg obtained magnetite nanorings 
were dispersed into 15 ml deionized water with the assistance of ultrasonication. Then 
80 mg phosphorylated-MPEG was added to the magnetite nanoring aqueous 
suspension and the solution was under reflux for 4 hours with a constant flow of Ar 




gas. After that, the phosphorylated-MPEG modified magnetite nanorings were 
washed with water by magnetic decantation three times and re-dispersed into water 
for further usage. 
2.2 Characterization  
In this project, series of techniques were employed for the characterization of the 
magnetic nanostructures. The crystallographic structure was investigated by X-ray 
diffraction (XRD). The morphology is studied by Scaning electron microscopy (SEM) 
and Transmission electron microscopy (TEM). The particle size distribution and 
stability of the colloid were also investigated by a Dynamic light scatting (DLS) 
system. Magnetostatic property was measured by vibrating sample magnetometer 
(VSM) and Superconducting quantum interface devices (SQUID). The microwave 
properties of the magnetic nanostructure/paraffin wax composite were studied in an 
APC7 coaxial line mode at room temperature with an Agilent PNA E8363B network 
analyzer. The magnetic hyperthermia properties of magnetic nanostructures were 
characterized by a heat induction machine. The company and model of the above 
instruments are listed in the table 2.1.  
Table 2.1 Instruments for characterization. 
Characterization Instruments Company and Model 
X-ray diffraction (XRD) Bruker D8 Advance 
Bruker D8 Discover 
 
Scanning electron microscopy (SEM) Zeiss Supra 40 
Philips XL30-FEG SEM 
Transmission electron microscopy (TEM) JEOL 3010 




Dynamic light scattering (DLS) Malvern Zetasizer Nano-ZS 
Vibrating sample magnetometer (VSM) Lakeshore, Model 7404 
Superconducting quantum interface devices 
(SQUID) 
Quantum Design, MPMS XL-5 
Heat induction Shenzhen Shuangping, SPG-10-II 
HR800 PNA network analyzer Agilent PNA E8363B 
The basic working principles of the above characterization techniques will be briefly 
introduced in the following sections. 
2.2.1 X-ray Diffraction (XRD)  
X-ray diffraction (XRD) is considered as one of major techniques for determining the 
atomic and molecular structure of a crystal. It is a non-destructive technique 
commonly used for the determination of crystalline phase, lattice constants, grain size, 
strain, preferred orientation, thermal expansion, etc. The XRD is based on the well 
known Bragg's law, proposed by English physicists William Lawrence Bragg in 1913. 
As shown in figure 2.1, the crystal is composed by a set of discrete parallel planes 
separated by a constant distance. The interference is constructive when the phase shift 
is a multiple of 2 . Therefore, diffraction takes place when Bragg's Law is satisfied:160 
                            2d sinθ = nλ                         (2.1) 
where n is an integer corresponding to the order of diffraction, λ is the wavelength of 
incident X-ray, d is the inter-planar distance of reflecting planes and θ is the relative 
angle between the incident wave and reflecting planes.     





Figure 2.3 Schematic illustration of Bragg's law. 
For a polycrystalline material with individual crystalline in the range of 2-100 nm, the 
crystallite size can be simply estimated by the Scherer equation:
161
  
                                                    (2.2)                                       
where L is diameter of crystallites. κ is particle shape factor (0.9 for spherical 
particles) and B is full width at half maximum (FWHM). In this project, we utilize a 
Bruker D8 ADVANCE XRD system with monochromatic and Cu Kα radiation (λ = 
1.54056 Å) for phase characterization of magnetic nanostructures. The standard θ-2θ 
scan was employed to collect the crystallographic information, in which the sample is 
rotated by the angle of θ whilst and detector is rotated by 2θ. The crystalline phase of 
the sample was identified by comparing the experiment curve with standard database 
of Joint Committee on Powdered Diffraction Standard (JCPDS).  









The scanning electron microscopy (SEM) is a type of electron microscope that images 
the sample surface by scanning the sample with a high-energy electron bean in a 
raster scan pattern.
162
 The electron interacts with the atoms that make up the sample 
producing signals that contain the information about the surface topography of the 
sample under investigation.  
 
Figure 2.4 Schematic illustration of SEM 
Fig. 2.4 illustrates the component of a typical SEM. The electron gun (fitted with a 
cathode and accelerated towards an anode by certain potential) thermionically 
generate electrons. The generated electron beam are then accelerated to energies in 
the range of 1-40 KeV and subsequently focused to a very fine spot size of 0.4 to 5 nm 
by condenser lens and objective lens. The beam then passes through scanning coils 
and scans over a rectangular area of the sample surface in a raster mode. The 
interaction between the electrons and the atoms on the sample surface produces 




signals resulting from an ejection of secondary electrons, backscattered electrons, 
primary electrons and characteristic X-rays. Each of the signals can be detected by 
detectors and then amplified by electronic amplifiers. The amplified signals are 
displayed as variations in brightness on a monitor/cathode ray tube (CRT). Each 
pixel/spot of computer videomemory/CRT scanning is exactly synchronized with the 
position of the beam on the sample. Therefore, the image on monitor reveals the 
surface morphology of scanned area in sample. Among the signals, Secondary 
electrons are commonly used to show morphology and topography. Meanwhile, 
Back-scattered electrons, reflected from the sample by elastic scattering, can reveal 
the elements distribution and also illustrate contrasts in composition in multiphase 
samples. This is because the intensity of the backscattered electrons signals strongly 
depends on the atomic number of the sample. In this thesis, a SEM system Zeiss 
Supra 40 was used to study surface morphology of samples. The beam energy was set 
to 5 -10 keV. For samples with poor electrical conductivity, a gold layer about 10 nm 
is coated on the surface using a BAL-TEC Sputter Coater SCD005, followed by 
attaching aluminum tape on sample surface to avoid charging effect. 
2.2.3 Transmission Electron Microscopy (TEM)  
Transmission electron microscopy (TEM) is another analytical tool to investigate 
microstructure of samples in this project. Generally, TEM technique is used to 
investigate crystal structure, crystal orientation, composition and dislocations, etc. 
The main components of a typical TEM system are electron gun, a condenser lens 




system, objective and intermediate lenses, a sample chamber, projector systems, 
vacuum systems and a holder that used to insert or remove samples.
163
 In a TEM, a 
thin sample with typical thickness about 100 nm is subjected to a parallel high-energy 
electron beam (100-400 KeV), so that the electrons could pass through the sample 
easily. Apart from the electrons passing through the sample without deflection, some 
electrons are scattered to certain angles because the atoms of sample act as a 
diffraction grating to the electrons. 
 
Figure 2.5 Schematic illustration of TEM (bright field mode). 
The bright-field and dark-field modes are the two most commonly used imaging 
methods in TEM. They are actualized by selecting electron beams using suitable 
objective apertures. Fig 2.5 shows the schematic illustration of TEM in Bright field 
mode. As shown in the figure, an objective aperture is positioned on-axis with the 
transmitted beams. Therefore, only transmitted electrons are allowed to pass through 
and contribute to the resulting image. For the dark-field imaging, the aperture is 




placed off-axis from the transmitted beams and only allows diffracted electrons to 
pass through. The dark-field mode is particularly suitable to study crystalline grains 
and defects. In addition, a TEM could perform the selected area diffraction (SAD) 
pattern. For a single crystalline material, the image on the screen is a series of spots. 
Each spot refers to a satisfied diffraction condition of the sample's crystal structure. 
Whereas, a series of rings would be observed for a polycrystalline material. 
According to the diffraction pattern, the inter-planar distance is given by  
                            dhkl R = Lλ                        (2.3) 
where dhkl is inter-planar distance of reflecting planes {hkl}, R is the distance between 
the diffracted spot and the center spot on the focal plane, L is distance between 
sample and focal plane, λ is the wavelength of the electron beam. The SAD can be 
used to identify the crystal structure and lattice parameters. In the thesis, a JEOL 3010 
TEM was used to study the crystalline structure of magnetic nanostructure. The 
operating voltage is 300 kV. Samples are prepared for imaging by drying 
nanoparticles on a copper grid that is coated with a thin layer of carbon. 
2.2.4 Dynamic Light Scattering (DLS)  
Dynamic light scattering (DLS) is a technique that can be used to determine the size 
distribution of small particles in suspension.
164
 Fig. 2.6 illustrates a DLS set-up. As 
shown in the figure, the light from laser passes through a polarizer to define the 
polarization of the incident beam. This beam then impinges on the scattering particle. 
The catered light passes through an analyzer, which selects a certain polarization, and 




finally enters the detector, which records a time-dependent fluctuation in the 
scattering intensity. The dynamic information of the particles is derived from an 
autocorrelation of the intensity trace recorded during the experiment. 
 
Figure 2.6 Schematic illustration of DLS set-up. 
In the thesis, a DLS system (Malvern Zetasizer Nano-ZS) was used to study the 
particle size distribution. The stability of the colloid was also proved by DLS 
measurement performed at different time. 
2.2.5 Vibrating Sample Magnetometer (VSM) 
Vibrating sample magnetometer (VSM) is a basic technique to measure magnetostatic 
properties of magnetic sample. Faraday's law of electromagnetic induction is the 
working principle of VSM measurement. According to the Faraday’s law, the induced 
electromotive force (voltage) V(t) in any closed electrical circuit is proportional to the 
rate of the change of magnetic flux dΦ/dt through the circuit.165 
                       V(t) = - C · dΦ / dt                      (2.4) 
where C is a constant.  





Figure 2.7 A schematic illustration of VSM set-up. 
Fig. 2.7 presents a schematic illustration of VSM system. The sample is attached on a 
non-magnetic holder and placed in the middle of two electromagnets. The sample is 
then sinusoidally oscillated by a vibrator, which is usually made of piezoelectric 
material. The oscillation induces the change of magnetic flux through pick-up coil and 
in turn induces an electrical signal in the coils. This electrical signal is measured by a 
lock-in amplifier and transferred to magnetic moment of the sample because the 
amplitude of the signal is proportional to magnetic moment of sample. Hysteresis 
loop can be obtained by measuring the sample in the external applied field which is 
continuously changed from a maximum positive field to a maximum negative field 
and back to the maximum positive field. In the thesis, magnetic properties of samples 
were measured by VSM (Lakeshore, Model 7404) at room temperature. Prior to 
sample measurement, calibration was carried out for the high precision. First, the 
sample holder was adjusted to the middle of the gap between the electromagnets pairs. 
Second, a standard Ni sample was used to calibrate the magnetic moment of the VSM 




system. For the measurement, the sample under investigation was enclosed in 
non-magnetic aluminum foil and bonded firmly to holder by Teflon tape. 
2.2.6 Superconducting Quantum Interface Device (SQUID) 
Superconducting quantum interface device (SQUID) is a very sensitive magnetometer 
for magnetic properties investigation and it can be used to measure a very subtle 
magnetic moment as small as 10
-8
 emu.  The key component of the SQUID is a 
superconducting material loop with one or more weak links, forming several 
Josephson junctions. Superconducting material found in 1911 means that at below 
transition temperature, it exhibits a resistant-less state. The Cooper pair transportation 
in a circuit proposed by Leon Cooper in 1956 was used to explain this phenomenon. 
Cooper pair is two electrons (or other fermions) that coupled each other by an 
arbitrarily small attraction. In addition, the weak links can consist of a thin insulating 
barrier or a non-superconducting metal.    
 
Figure 2.8 A schematic diagram of SQUID system. 




The working principle of the SQUID is that when an current flows between two 
superconductors isolated from each other by a weak link layer (Josephson 
junctions),
166
 quantum tunneling of Copper pairs across the gap could occur. SQUID 
utilizes the properties of Josephson Junctions to detect small variations in magnetic 
flux, which could induce a current in the superconductor loop. By detecting the 
resulting electrical signal, the magnitude of the magnetic flux can be obtained. 
Moreover, SQUID commonly allows to measure magnetization over wide 
temperature range from that of liquid helium (~4 K) to 400 K and the temperature can 
be accurately controlled. In this project, a SQUID system (Quantum Design, MPMS 
XL-5) was used to measure the low temperature hysteresis loop of magnetite nanoring. 
The set-up of SQUID system is depicted in Fig. 2.8. The Dewar shield can help 
eliminate the thermal radiation, ambient electronic noise and external magnetic 
signals. The sample was inserted into a non-magnetic straw (Quantum Design). 
Before starting measurement, the magnet was reset in order to remove the remnant 
magnetic field trapped in the superconducting coils.  
2.2.7 Magnetic Hyperthermia 
The principle of magnetic hyperthermia is based on the fact that the magnetic 
nanoparticles, subjected in an alternating magnetic field, will generate heat, which 
could be utilized to heat and kill the tumor cells. A typical magnetic hyperthermia 
system includes AC power supplier, cupper coil and a temperature measurement 
system, as shown in Fig 2.9. In the measurement, the AC power supplier generates 




AC current. When the current goes through the copper coil, an AC magnetic field will 
be induced and the amplitude of the field in the center of coil is given by  





                                (2.5)  
where  0 is the vacuum permeability, I is the current going through the coil, N and L 
are the total number of turns and length of coil, respectively. With the help of the 
induction field, the samples in the coil will generate heat. The heat then rises up the 
temperature of sample, which is recorded by the temperature meter. 
 
Figure 2.9 A schematic diagram of magnetic hyperthermia system. 
In our work, a magnetic hyperthermia system (Shenzhen Shuangping, SPG-10-II) was 
used to characterize the heating performance of the vortex based magnetite nanoring. 
Before starting each measurement, the fiberoptic probe is cooled down to room 
temperature by immersing in clean water in order to eliminate the influence of 
pervious measurement. To evaluate the heat dissipation efficiency, speciﬁc absorption 
rate (SAR) values were calculated by
167
  




   
                    (2.6) 




Where, C is the specific heat of water (4.18 J/g °C). The same value is used for 5% 
Agarose gel.
168
       donates the initial slope of the time-dependent temperature 
curve. mFe is weight fraction of magnetic element (i.e., Fe) in the sample. It should be 
emphasized that the maximum product of field amplitude and frequency (   ) 
should be below                 169 so as to avoid non-selective  heating  of  
both cancerous and healthy tissue due to eddy currents.
170
  
In the thesis, the tests were performed in both the aqueous and Agarose gel 
suspension (5%) to elucidate the role of Brownian relaxation. This is based on the fact 
that the Brownian relaxation could be suppressed in gel due to the immobilization of 
nanoparticles.
171
 Therefore, the heat dissipation in the gel suspension is mainly from 
the hysteresis loss. 
2.2.8 PNA Network Analyzer 
The PNA Network Analyzer is an important tool to measure the magnitude and phase 
characteristics of networks, amplifiers, components, and antennas. It compares the 
incident signal (the energy that is launched onto a transmission line) with either the 









Figure 2.10 Generalized PNA network analyzer block diagram. 
Fig. 2.10 shows a generalized PNA network analyzer block diagram. It can be seen 
that it is mainly composed by a built-in swept signal generator, a test set, a tuned 
receivers and display. The signal generator provides a test signal to the device under 
test (DUT). The frequency range of the source establishes the frequency range of the 
system. The test set takes the signal from generator and routes it to the DUT. It often 
splits off a reference channel for the incident signal. The receiver measures both the 
magnitude and the phase of the signal. Since the measurement needs a reference to 
determine the phase, a VNA requires at least two receivers. Some have three or even 
more to permit simultaneous measurement of different parameters. With the processor 
and display, the transmission and reflection data is formatted and enable the 
information interpreted as soon as possible. At high frequencies, it is difficult to 
measure the total current or voltage, S-parameters are commonly measured instead to 
evaluate the characteristics of the device under test with a high level of precision. “S” 




stands for scattering. It is related to familiar measurements such as gain, loss, and 
reflection coefficient. They are relatively simple to measure and do not require 
connection of undesirable loads to the DUT. Other parameters, such as H, Y, and Z 
parameters, are the basis of the network characterization of low-frequency device. 
S-parameters are determined by measuring the magnitude and phase of the incident, 
reflected, and transmitted signals when the output is terminated in a load that is 
precisely equal to the characteristic impedance of the test system. The number of 
S-parameters for a given device is equal to the square of the number of ports. For a 
two-port device, it has four S-parameters, namely S11, S12, S21, S22. The first number 
following the S is the port where the energy emerges, and the second number is the 
second number is the port at which energy enters. In the case of a simple two-port 
network, S11 is equivalent to the input complex reflection coefficient or impedance of 
DUT, while S21 is the forward complex transmission coefficient. S22 is the output 
complex reflection coefficient or output impedance of DUT, while S12 is the reverse 
complex transmission coefficient. In this thesis, the samples for microwave 
measurement were prepared as follows: Firstly, the magnetic nanostructures were 
mixed into paraffin with the volume fraction of 20%. Secondly, the mixtures were 
pressed into toroidal shape (Dout: 7 mm, Din: 3.04 mm). The high frequency magnetic 
properties of the toroidal samples were studied in an APC7 coaxial line mode at room 
temperature with an Agilent PNA E8363B network analyzer. The complex 
permeability ( r= '-j ") and permittivity (εr=ε'-jε") of the mixture in the 1-18 GHz 




frequency range were evaluated by measuring the reflection coefficient S11 and the 
transmission coefficient S21. 
2.3 Micromagnetic Simulation 
In the thesis, a standard micromagnetic package “LLG Micromagentic 
Simulator
TM”117 is adopted for the evaluation the static magnetic properties of 
magnetic nanostructure. LLG Micromagnetics Simulator
TM
, developed by a sole 
proprietorship by Michael R. Scheinfein, is a full 3-dimensional (3D) simulation tool 
with integrated graphics that solves the LLG equations by relaxation and/or 
integration.  
 
Figure 2.11 Snapshot of LLG Micromagentic Simulator.
TM 117
 
Fig. 2.11 shows the LLG working environment when a simulation is being run. With 
this software, micromagnetic structure and dynamics properties of simulated 
nanostructure can be characterized at the same time. Unless otherwise specified, the 




magnetic parameters of materials used in the micromagnetic simulation are listed in 
the table as follows:  
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where A is exchange stiffness constant, K1 and K2 are the first order and second order 
magnetocrystalline anisotropy constant, respectively. The damping coefficient α are 
chosen as 1 or 0.5 for domain evaluation. In order to assure the accuracy of our 
simulation, the cell size is set smaller than the exchange length (Lex) defined as:
173-174
 
                              
  
    
                      (2.7) 
where    is the vacuum permeability. 
In chapter 6, OOMMF is adopted to simulate the permeability in order to verify the 
permeability of nanorod calculated by our new model. In the simulation, an 
exponentially decaying field pulse,                       A/m (t in ns), is 
applied perpendicular to the nanorod. The complex magnetic susceptibility   is 
calculated by using the FFT technique.
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 The Complex permeability could be then 




obtained by using      . The exchange stiffness constant A, magnetocrystalline 
anisotropy constant K1 and K2, damping coefficient α are chosen the same values as 
provided in Table 2.2. 
  








CHAPTER 3: Stable Vortex Fe3O4 Nanorings 


















Ferrofluids (magnetic colloids) and stable colloidal suspensions of magnetic 
nanoparticles in carrier liquids have attracted great interest in the past few years due 
to their broad bio-applications such as hyperthermia,
3
 magnetic resonance imaging 
(MRI),
4
 and magnetic targeting drug delivery. 
5
 Generally, the stability of the 
ferrofluids strongly depends on the competition between Brownian energy kT (k is the 
Boltzmann constant, T is temperature) and the energy of several interactions in the 
ferrofluids system, namely van der Waals attractive interactions, magnetic dipole 
attraction, electrostatic interactions and steric repulsion arising from the interaction of 
surfactant molecules.
113
 When the net attractive energy exceeds thermal Brownian 
energy, particles will approach each other and aggregation will take place. Compared 
to van der Waals interaction, the magnetic dipole attraction decreases much more 
slowly with distance. Hence, it plays a crucial role in the stability of ferrofluid 
especially when particles are in a certain distance. Superparamagnetic (SPM) 
nanoparticle is the prevailing material used in current ferrofluids mainly due to their 
weak inter-particle magnetic interaction.
43,114-115
 For SPM nanoparticles, the 
individual particle behaves like paramagnet at room temperature and retains 
negligible remanence after the removal of applied magnetic field. A typical 
superparamagnetic critical size of Fe3O4 is about 24 nm. These SPM nanoparticles are 
not subject to strong magnetic interactions in dispersed state and are readily stabilized 
in physiological conditions.
52-54
 However, SPM nanoparticles possess weak magnetic 




interaction at the expense of their saturation magnetization. Ultrasmall magnetic 
particles suffer from surface effect due to high ratio of surface spin to volume spin, 
which results in an unavoidable decrease in saturation magnetization.
55
 An alternative 
approach proposed to achieve weak magnetic dipole attraction is the ring-shaped 
structure.
117
 The ring geometry allows the existence of stable vortex magnetic 
configuration in which the magnetization forms a closure structure, either clockwise 
or counter clockwise, without any stray fields, thus minimizes magnetic interaction 
between nanorings.
118-119
 This feature makes it possible to have weak magnetic 
interaction even at a size much larger than the SPM threshold. Thus the ring-shaped 
structure could be a promising candidate for achieving stable magnetic suspension.  
Very recently, magnetite Fe3O4 nanorings with vortex magnetic domain structure 
have been successfully synthesized by a thermal transformation method and they 
exhibited great potential in biomedical applications, such as high effective peroxidase 
mimic catalyst, MRI contrast agent and multiphoton fluorescence imaging.
91,176
 
Motivated by the understanding of their unique shape tunable magnetic properties and 
the exploration of formation mechanism of stable magnetic suspension in biomedical 
applications,
177
 it may be meaningful to theoretically determine the geometric 
dimensions permitting the vortex structure. Though much effort has been made in 
finding the geometries that allow vortex formation in nanorings and some ground 
state phase diagrams (Which is especially useful in determination of the energetically 




stable domain structure) have been presented, most of them focused on metal 
materials like Fe, Co and permalloy for high-density magnetic storage devices.
75,177-178
 
It is known that Fe3O4 is the most popular bio-material because of its high 
biocompatibility.
179
 However, simulations on geometrical optimization has not yet 
been done for Fe3O4 nanoring. In addition, even though the dimension of a nanoring 
falls in the vortex region in ground state phase diagram, it might be “trapped” in a 
metastable state rather than vortex state at the remanence state.
180-181
 However, in 
many biomedical applications like targeted drug delivery, the nanoparticles will 
frequently be manipulated by external applied magnetic field. It requires that the 
nanorings can keep vortex configuration after the removal of external field 
(remanence state). Otherwise, high remanence would lead to strong magnetic 
interaction and eventually result in aggregation.  Stable vortex that could survive 
after removing external field is a key feature demanded for vortex nanoring based 
suspension. Nevertheless, it remains unknown to date. Moreover, the inter-particle 
distance may also influence the formation of vortex state because of the leakage of 
stray field at a distance beneath a critical value. Surface modification that will 
controllably introduce the distance and electrostatic repulsion between the nanorings, 
is also crucial for the stability of ferrofluids.  
Aiming to address the problems mentioned above and present a guide for the 
development of vortex nanoring based stable suspension for biomedical applications, 




the 3D LLG micromagnetic modeling is employed to investigate the influence of 
geometries, crystallographic orientation, asymmetry caused by notch or 
eccentricity,
182
 and inter-particle interaction on the formation of vortex domain 
structure in the present study. We also develop the method for surface modification of 
magnetite nanoring using phosphorylated-MPEG with proper geometry and controlled 
inter-rings distance. The obtained stable magnetic nanoring suspension 
experimentally verifies the simulation results. This investigation in both theoretical 
simulation and experimental demonstration will shed light on the formation of stable 
vortex nanoring based magnetic colloid system and promote its potential application 
in nanomedicine.  
3.2 Methods 
The damping coefficient α are chosen as 1 in order to speed up the convergence. To 
examine the influence of α on the domain structure of the magnetite nanoring, we 
have computed the remanence state of a specific magnetite nanoring (Dout=70 nm, 
T=50 nm and β=0.6) at α=0.5 and 1, respectively. The result suggests that the 
nanoring shows the same equilibrium magnetic states corresponding to different fields 
during the transition from the saturation to the remanence state, indicating that the 
equilibrium state is independent of α. Therefore, it is safe to use α as 1 to speed up the 
computation of the domain structure of the magnetite nanoring. The cell size is 1×1×2 
nm, which is much smaller than the exchange length of Fe3O4 (8 nm) to assure the 




accuracy of our simulation.
183
 The simulation is assumed to have reached the 
equilibrium state when the largest angular variation of magnetization between two 
successive iterations is below 10
-8
. The geometry of NR is described by three 
parameters: T (thickness), Dout (Outer diameter) and inter diameter/outer diameter 
ratio β= Din/ Dout (Din is the inner diameter), as shown in Fig. 3.1. According to the 
previous experimental results,
176
 the magnetocrystalline easy axis, namely 
crystallographic [111] direction, is assigned parallel to axial direction (z axis), 
Throughout this paper, unless otherwise specified, the [111] crystallographic direction 
is set to z axis.   
 
Figure 3.1 Illustration of the geometry and coordinate of magnetite nanoring. β=Din/Dout. 
To determine the ground state phase diagram, for given geometric parameters, we let 
the nanoring relax in absence of applied magnetic field with the following initial 
states: uniform magnetization in the x direction, uniform magnetization in z direction 
or vortex state in x-y plane. The ground state phase is then constructed after 
comparing the energy of different resultant equilibrium states. The nanoring with 
geometric parameters near the phase boundaries were studied for simplification. At a 




fixed Dout, the T is increased with an interval of 2 nm (the cell size along z 
direction).
184
 The boundaries of phase diagram are assumed at the middle of two 
continuous T where the phase transition occurs. Moreover, to examine the stability of 
vortex configuration in the vortex region of ground state phase diagram, we simulate 
the remanence state for the nanorings whose Dout and T are integral multiple of 10, in 
vortex region of the obtained ground state phase diagram. For each nanoring, the 
remanence state is computed after the relaxation under a field applied along x 
direction. The field starts from 10 kOe and decreases to 2 kOe and then to 0 Oe in 
steps of 4 kOe and 0.5 kOe, respectively. The remanence states are classified and the 
SVA, in which the remanence state is the vortex state, is established. 
The inter-rings interaction is studied based on a double-ring model. In this model, two 
magnetite nanorings with a typical geometry (Dout =70 nm, T=50 nm and β=0.6) are 
considered and placed either vertically (along x direction) or horizontally (along z 
direction). At a certain inter-rings distance, the remanence states of the double rings 
are computed similar to that has been done in the derivation of remanence phase 
diagram. The inter-rings distance is decreased gradually and a minimum value 
corresponding to a double-vortex remanence state is estimated. 
3.3 Results and Discussion 
3.3.1 Micromagnetic modeling of Fe3O4 nanorings 




Ground state (the magnetic domain configuration possessing lowest magnetostatic 
energy) is significant in micromagnetic study of nanostructure.
185-187
 As it is, the 
ground state is energetically preferable for the nanostructures without influence of 
external field, i.e. freshly prepared or thermally demagnetized nanostructure. We start 
the simulation with ground state phase diagram to determine geometric parameters (T, 
Dout and β) which energetically allows vortex state to be the stable magnetic state for 
freshly prepared magnetite nanorings. The β is set to 0.4, 0.6 and 0.8. T and Dout are 
varied below 100 nm (Magnetite particles with a particle size at 100 nm or even larger 
may not be able to suspend in aqueous carrier) on the guide of lituratures.
75,184,188
 In 
our ground state simulation, three magnetic configurations are observed, namely 
out-of-plane ferromagnetic state (Fout), vortex state and so called onion state. These 
magnetic configurations have often been found in literatures and are presented in 
figure 3(a)-(c).
64,184,189-190
   





Figure 3.2 (a)-(c) The simulated ground states (Fout, Vortex and Onion, respectively) of magnetite 
nanorings with different geometry. The domain structure in each figure is presented by both 2D 
(i.e. left, the color indicates the direction of magnetization according to the color code) and 3D (i.e. 
right) micromagnetic configurations from the top, middle and bottom planes of magnetite 
nanorings. The cartoons illustrate the effective magnetization direction in each state. (d) Ground 
state phase diagram of magnetite nanorings as a function of T and Dout with β=0.8 (black triangles), 
0.6 (red squares) and 0.4 (blue circles). Solid symbols show the boundaries between the vortex, 
Fout (out-of-plane ferromagnetic) and Fin (in-plane ferromagnetic) configurations. The lines are a 
guide to the eye. 
Fig. 3.2 shows the simulated ground states (Fout, Vortex and Onion, respectively) of 
magnetite nanorings with different geometry. As can be seen in Fig. 3.2(a), in Fout 
state, the spins in the top and bottom planes normal to the ring axis (z axis) show an 
inward and outward structure, respectively. While in the middle planes, the spins are 




essentially parallel to the ring axis, corresponding to a dark color in the 2-dimentional 
(2D) micromagnetic configuration according to the color wheel. In comparison with 
Fout state, as revealed by Fig. 3.2(b)-(c), the vortex and onion states are nearly 
“two-dimensional” (2D) states, i.e. any cut along z-constant plane shows almost the 
same configuration. As for the vortex state (Fig. 3.2(b)), the spins align with the 
circumference of nanoring and form an in-plane (x-y plane) flux-closure magnetic 
configuration. The onion state, shown in Fig. 3.2(c), is known as opposite scenario of 
spin orientation circulated in the two halves and two head-to-head domain walls on 
the lateral arms.
191
 It is noteworthy that the onion state varies with Dout and T. When 
T is much smaller than Dout, the spins in the lateral domain walls mainly point to x 
direction. With T increasing, the spin orientation in the domain walls would turn out 
from x-y plane. In the case of small Dout and T close to the exchange length of Fe3O4, 
the spins in the two halves point nearly parallel and the onion state is analogous to an 
in-plane-ferromagnetic (Fin) state. In this study, all these variations are named onion 
state. After classifying the geometric range in terms of the three different ground 
states, ground state phase diagrams are constructed. Fig. 3.2(d) gives the ground state 
phase diagram of magnetite nanorings as a function of T, Dout with various β. As 
shown in Fig. 3.2(d), the three phase diagrams (for β=0.4, 0.6 and 0.8, respectively) 
exhibit similar shape and each is composed of Fout, vortex and Fin regions. The rings 
with small T and Dout would prefer the Fin or Fout state. Another feature is that the 
triple point (The co-intersection of the three boundaries between different phases) 








However, we found that only few rings shown in the vortex region could reach vortex 
at the remanence state when the field is reduced to zero after magnetization along the 
x direction. In the practical application, these magnetite nanorings are expected to be 
able to be magnetized by an external magnetic field. After removal of the field, the 
rings should be capable to “return” to the original vortex state. Otherwise, none-zero 
remanence arising from metastable states might lead to considerable magnetic 
dipolar-dipolar attraction and cause aggregation, which largely hamper their potential 
application in biomedicine.  
 
Figure 3.3 Simulated hysteresis loops of magnetite nanorings in the vortex region of ground state 
phase diagram (β=0.6) at the same Dout =70 nm but different T values (a) T=50 nm. (b) T=30 nm. 
The insets show the field direction and snapshots during the transition. The cartoons in the hole of 
snapshots are schematic diagrams of the corresponding domain structures. 
Fig. 3.3 shows the hystersis loops of two nanorings with the same Dout (70 nm) and β 
(0.6) but different T values. As shown in Fig. 3.3(a), for the magnetite nanorings with 




T= 50 nm, the loop reveals an onion-vortex-onion (O-V-O) bistable switching process. 
The transition from onion to vortex state takes place when the field is reduced to zero, 
yielding zero remanence. However, when T of the nanoring decrease to 30 nm as 
shown in Fig. 3.3(b), the loop indicates only an onion-to-onion (O-O) switching could 
occur despite ground state diagram shows the vortex state for the nanoring at this size.  
This result clearly suggests that the phase diagram simulated on ground state cannot 
well describe the vortex state at remanence state after in-plane saturation. If a freshly 
prepared magnetite nanoring with a size in the vortex region of ground state phase 
diagram has the vortex domain structure initially. After magnetization, the nanoring is 
fully magnetized, associated with a uniform magnetization along the direction of the 
field. When the field is removed, the nanoring is at the remanence state, which might 
be an onion state, but not in the vortex state as shown in Fig. 3.3(b). 
In order to further locate the geometric range that permits the vortex configuration at 
both ground state and remanence state, the in-plane remanence states were computed 
for the nanorings whose Dout and T are integral multiple of 10 in the vortex region of 
ground state phase diagram. The Fout and onion regions are excluded because the 
vortex state is energetically unstable in these regions.  





Figure 3.4 The observed remanence states of the magnetite nanorings within the vortex region of 
the ground state phase diagram at (a) β=0.4, (b) 0.6, (c) 0.8. During the computation of remanence 
state, the field is applied along x direction. The symbols represent computed points, the areas 
highlighted by dashed lines are the SVA. (d)-(e) Twist and helix “metastable” remanence states, 
respectively. 
Fig. 3.4 presents the remanence state phase diagram and the observed “metastable” 
states. As shown in this figure, the remnant state is an onion state for most of the 
nanorings with small T. More precisely, it should be described as a transition from 
onion state to out-of-plane onion state.
75
 Unlike the onion state as we have discussed 
in Fig. 3.2(c), herein the spins in the lateral domain walls in x-y plane point out 




gradually with the increasing T because of the enhancement of the out-of-plane 
demagnetizing field. One exception is that a metastable state observed at T= 40 nm, 
D= 90 nm and β= 0.4, as shown in Fig. 3.4(a). This metastable state, depicted in Fig. 
3.4(d), is similar to twist state identified in submicron rings.
193-194
 When the T moves 
to high values, the strong out-of-plane demagnetizing field forces the in-plane spin 
point out and ultimately forms a Fout or helix state. The helix state, or so called 
“twisted bamboo”,195 is much like a combination of vortex and Fout configuration as 
illustrated in Fig. 3.4(e). In the helix state, the spins in the top and bottom z-constant 
planes exhibit counter-clockwise vortex-like structures to reduce the fringe field but 
with nonzero z components,
184
 while in the middle planes the spin indicates a 
ferromagnetic state along z axis.  The vortex state is found at intermediate values. 
The blue stars in Fig. 3.4 represent the vortex remanence state and the dash-line 
boundary enclosed these points defines the SVA. In the SVA, the vortex state not only 
presents in the ground state but also survives at remanence state after in-plane 
saturation. Among these three SVAs, the SVA with β= 0.6 exhibits a much broader 
area and appears at a smaller dimensions over that of the others.  
These simulation results clearly indicate that only the rings located in SVA could 
show the vortex state at remanence after in-plane saturation. While those located out 
of SVA may be “trapped” in metastable states. It suggests that the nanorings within 
the SVA are qualified for stable suspension because they could “return” to vortex 




domain structure at remanence state after magnetization. In this case, the nanrings 
could be re-dispersed into water because of the weak inter-rings magnetostatic 
interaction as a result of vortex domain structure. In other words, the dispersing 
process is repeatable. For the nanorings out of SVA, even they are in vortex state and 
could be well dispersed as soon as they are freshly prepared, they will be trapped in 
the metastable state (for example onion state) at remanence when the field is removed. 
As can be seen in Fig. 3.2 and Fig. 3.4, these metastable states, including onion, Fout, 
twist, and helix state, exhibit a non-zero net magnetization, implying that the 
nanorings out of SVA will be subjected to considerable magnetostatic interaction in 
suspension and lead to aggregation. Such “trapping” phenomenon and metastable 
states in magnetic nanoring has also been found in experimental work, theoretical 
calculation and OOMMF micromagnetic simulation,
64,75,180-181
  which is due to the 
local energy minimization of these spin configurations.
181
 In this situation, extra 
energy is needed to overcome the barrier to facilitate the transition from onion state to 
vortex state for the nanoring outside SVA. Laufenberg et.al.
196
 have reported that the 
thermal excitation can help overcome the energy barrier between transverse and 
vortex domain wall. Therefore, it is believed that the SVA at room temperature would 
be slightly larger than that obtained by simulation due to the thermal effect. In 
addition, the irregular shape may also result in the broadening of SVA.
80,119
 Owing to 
the nature of the chemical synthesis, it is hard to fabricate perfect ring-shape 




magnetite and irregularity is always inevitable. Therefore, the effect of irregularity on 
SVA should be treated.  
 
Figure 3.5 The in-plane remanence state of the notched and off-centered magnetite nanorings with 
geometry outside SVA (Dout =70 nm, T=40 nm and β=0.6). (a) The remanence configuration of 
magnetite nanoring with a notch about 5 nm (highlighted by red dash circle) on the left arm. (b) 
The remanence configuration of the off-centered nanoring with the center of the inner hole moved 
2 nm away from the magnetite nanoring axis. 
Fig. 3.5 gives the remanence states of a notched and off-centered magnetite nanoring 
(β=0.6, Dout= 70 nm and T= 40 nm), which lies out of the SVA and the remanence 
state is the onion state according to Fig. 3.4(b).  As shown in Fig. 3.5(a), a notch 
defect about 5 nm is introduced on the left part of the nanoring. Additionally, we shift 
the center of the nanoring 2 nm along x direction to produce an off-centered nanoring 
(Fig. 3.5(b)). The in-plane remanence states of both notched and off-centered rings in 
Fig. 3.5 suggest that the vortex state in such conditions can be formed instead of the 
original onion state. Surprisingly, the vortex ramanence state of the nanoring can be 
observed in a wide T range from 40 to 90 nm with same defects according to the 
simulation results. It is evident that the existence of defeats would largely increase the 
SVA. This is quite meaningful for practical application. As can be seen in Fig. 3.5(b), 




the SVA sits only at T=50 nm for perfect magnetite nanoring, which is challenging 
for chemical synthesis to control the geometry so precisely. With the existence of 
irregularity, the SVA could be enlarged dramatically and make it possible to fabricate 
the magnetite nanoring with vortex remanence state via traditional chemical method. 
Apart from geometries, orientation of the crystallographic easy axes may also play an 
important role in the determination of magnetic configuration of nanoring. The 
competition between magneto-crystalline anisotropy and demagnetizing field in ring 
structure would affect switching process.
182
 The nanoring studied above is 
[111]-oriented, that is, the axial direction of the nanoring is in <111> direction.  
However, the co-existence of [111], [112] and [113]-oriented magnetite nanorings has 
been confirmed in early report.
176
 We therefore investigate the influence of axial 
direction on SVA. The Dout and β of the nanoring are still set to be 70 nm and 0.6, but 
the axial direction is changed from [111] to [112] and [113] directions. The 
remanence states are computed as a variation of T. The results suggest that, the SVA 
of [112]-oriented magnetite nanorings occurs only at T=50 nm, which is the same as 
that of [111]-oriented nanorings (Fig. 3.4(b)). When axial direction is in [113] 
direction, the SVA includes T = 50 and 60 nm. It means the [113]-oriented magnetite 
nanoring is preferable for a broader SVA.  
Though the magnetostatic interaction between the nanorings with a vortex domain 
structure could be minimized due to the zero stray field of the vortex configuration, 




the leakage caused by the imperfection is still possible. Moreover, the inter-rings 
magnetostatic interaction is inevitable during the transition from an onion state to 
vortex state. These interactions would hinder the formation of stable suspension. It is 




Figure 3.6 The demagnetizing curves and remanence domain structures of double magnetite 
nanorings (Dout =70 nm, T=50 nm and β=0.6) with different inter-particle distances and way of 
stack. (a)-(b) Horizontally stack with a 20 and 15 nm shoulder-to-shoulder distance, respectively. 




(c) Vertical stack with a 2 nm head-to-head distance. All the fields are applied along x direction, 
as defined in figure 7(a). The ways of stack and corresponding remanence domain structures of 
each nanoring are illustrated in each figure. 
Fig. 3.6 presents the investigation of inter-rings interaction based on a 
double-nanorings model. In this model, we only consider the horizontal stack and the 
vertical stack of the nanorings. In the horizontal stack, two nanorings is 
“shoulder-to-shoulder” alignment along x direction shown in the inset of Fig. 3.6(a); 
while they align “head-to-head” along the ring axis in the vertical stack illustrated in 
the inset of Fig. 3.6(c).  For each way of stack, we compute the remanence states at a 
certain inter-rings distance. The distance is reduced gradually until the transition from 
onion to vortex state is unable to be fulfilled by both two magnetite nanorings. The 
geometrical parameters of the ring is set as Dout =70 nm, T=50 nm and β=0.6 because 
it falls in SVA region and close to the average sizes of magnetite nanorings which 
have been fabricated in previous work.
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 Fig. 3.6(a)-(b) shows the typical 
demagnetizing curves and remanence domain structures of horizontally stacked 
nanorings with a shoulder-to-shoulder distance of 20 and 15 nm, respectively. It could 
be seen from Fig. 3.6(a) that both of the rings finally access vortex state and yield 
zero remanence when the “shoulder-to-shoulder” distance is 20 nm. However, at a 
distance of 15 nm (Fig. 3.6(b)), the strong magnetostatic interaction between 
nanorings prevents them from the formation of vortex state at remanence and two 
“onion” states are formed, associated with a high remanence. The distinct alignment 
of spins in the two lateral domain walls of the “onion” configuration is another 




evidence of mangetostatic interaction. Thereby, it suggests that about 20 nm 
inter-rings distance is needed to ensure the formation of vortex remanence state after 
in-plane saturation in horizontal stack. In vertical stack, both of the two nanorings 
could reach vortex state at a “head-to-head” distance as small as 2 nm as shown in Fig. 
3.6(c). This distance is the limitation of the simulation since the cell size is set as 2 
nm along z direction. Thus the minimum distance might smaller than 2 nm in vertical 
stack. Such a small value is negligible for practical application in the presence of 
surfactant on nanoring’s surface. In addition, it is worth noting that the vortex state 
has been accessed by the two nanorings at 0.5 kOe which is smaller than that for a 
single nanoring in Fig. 3.3(a), implying that the inter-rings magnetostatic interaction 
in vertical stack could make the vortex remanence state more accessible. The 
remanence state with the field applied along axial direction (z axis) is also computed 
based on the double-rings model. The results reveal that the nanorings could achieve 
vortex remanence state at a 2 nm inter-rings distance for both horizontal stack and 
vertical stack. Similarly, a single nanoring with the same geometric parameters is 
incapable to access vortex state at remanence if the field is in z direction according to 
our simulation, indicating that the magnetostatic interaction induced by external field 
along z direction can also facilitate the formation of vortex at remanence state. This is 
pronounced for the stability of the vortex based magnetite nanoring suspension. 




In practice, both vertical and horizontal stack with the external field applied along 
either x or z directions are possible. Hence the minimum distance to ensure the vortex 
formation should be the largest value among all the cases. Based on the 
double-nanorings model, this value is about 20 nm according to the in-plane 
magnetizing in the horizontal stack. To satisfy this minimum distance, we have to 
coat surfactant molecules on nanorings with a block length larger than 10 nm (half the 
minimum distance). Among various surfactants used for magnetite nanoparticles,  
PEG is high biocompatible and  could yield a shell up to tens of nanometers.
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Hence, it is a promising candidate as the stabilizer to achieve the vortex magnetite 
nanoring based suspension.  
3.3.2 Stability of phosphorylated-MPEG Fe3O4 nanoring colloid  
To verify the simulation results, the magnetite nanoring modified by 
phosphorylated-MPEG2000 are prepared. The sizes of the magnetite nanorings are 
controlled within SVA as close as possible in the light of our simulation at appropriate 
reaction conditions.  





Figure 3.7 (a) The SEM image of magnetite nanorings. The inset is the Dout distribution. (b) 
Hysteresis loop of magnetite nanorings measured at 5 K. (c) Hydrodynamic diameters (dhyd) of 
phosphorylated-MPEG modified magnetite nanorings measured at the time when it is prepared 
and one month later. (d) The effect of pH on the mean dhyd of phosphorylated-MPEG modified 
magnetite nanorings. 
Fig. 3.7(a) depicts the SEM image of the fabricated magnetite nanorings. It is clear 
that nearly uniform ring-shaped nanoparticles are obtained at large scale. The size 
distribution, as shown in the inset of figure 8 suggests an average Dout of 70.4 nm. The 
average Din and T are found as 36.4 nm and 54.4 nm, respectively. As a result, the 
calculated β is around 0.52. According to above simulation results, these magnetite 
nanorings with such geometric parameters should fall in SVA. In addition, as we have 
discussed previously, the presence of irregularity, i.e. notch or eccentricity in the real 
situation, would increase the SVA largely. Consequently the vortex magnetic domain 




structure should be prevailing for these magnetite nanorings. To confirm the vortex 
domain structure in these nanorings, the hysteresis loop of the magnetite nanoring is 
measured at 5 K (Fig. 3.7(b)). As can be seen in this loop, the saturated magnetization 
is about 70 emu/g, which is a typical value of magnetite nanoparticles.
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 More 
importantly, the remanence is nearly zero, which is a key feature of vortex domain 
structure. At the same time, the loop also shows a step-like double switching process, 
implying the presence of O-V-O transition. The stability of the 
phosphorylated-MPEG modified magnetite nanoring colloid was characterized using 
DLS. The hydrodynamic sizes of modified magnetite nanorings in water suspension 
with a pH of 7 were measured just after the preparation and one month later. As 
shown in Fig. 3.7(c), the as-prepared sample has a mean hydrodynamic diameter (dhyd) 
of about 139 nm. It increase about 70 nm as compared to the size observed from TEM, 
suggesting that the thickness of MPEG coating is sufficient to ensure the minimum 
inter-rings distance for the onion-to-vortex transition. In particular, the hydrodynamic 
size of modified magnetite nanorings is almost same measured before and after 1 
month, indicating the high stability of magnetite nanoring water suspension. The 
investigation of pH effect on the dhyd indicates that the dhyd fluctuates in a relative 
small region from 140 to 170 nm when pH is varied from 2 to 12, as shown in Fig. 
3.7(d), which means the stability could be maintained over a wide pH range.  





Figure 3.8 (aI) The image of prepared phosphorylated-MPEG modified magnetite nanoring 
aqueous colloid with the concentration of 0.07 g/l. (aII) 30 minutes later under external magnetic 
field. (aIII) After removing magnet and gentle shake. (bI-bIII) illustration of the magnetic domain 
evolution corresponding to figure 9(aI-aIII). 
Fig. 3.8 provides the magnetic response experiment to further confirm the vortex 
remanence state of phosphorylated-MPEG modified magnetite nanoring colloid. As 
shown in Fig. 3.8(aI), the magnetite nanoring colloid is homogeneous without obvious 
aggregation. In this stage, the magnetic domain of the magnetite nanoring corresponds 
to ground vortex state illustrated in Fig. 3.8(bI). When an external magnetic field is 
applied, the magnetite nanorings are gradually moved to the magnet (Fig. 3.8(aII)) 
and saturated along the direction of applied field (Fig. 3.8(bII)). After removal of the 
magnet and gentle shake, the magnetite nanorings are re-dispersed within seconds and 
the colloid becomes homogeneous again (Fig. 3.8(aIII)). This indicates the domains of 
nanorings undergo the onion-to-votex transition and show the remanence state-vortex 




state with a weak inter-rings interaction (Fig. 3.8(bIII)). The magnetic response 
experiment once again demonstrates the stability of the magnetite nanoring colloid.   
3.4 Conclusion 
In this work, we developed a novel magnetite nanoring colloid system based on the 
vortex domain structure with weak magnetic interaction. By using LLG simulation, 
ground state phase diagrams and SVA were established at various β to optimize the 
geometry of magnetite nanoring. The influence of notch, eccentricity and 
crystallographic orientation on the SVA was also studied. The results indicate that the 
defects in ring shape, which is inevitable in the nanoring product prepared by 
chemical route, will promote the formation of stable vortex state and facilitate the 
stability of magnetic nanoring colloid. In addition, the [113]-oriented magnetite 
nanoring is favored to form the stable vortex state. Based on the simulation of 
ring-ring interaction, the minimal inter-particle distance for the formation of stable 
vortex state is about 20 nm. Accordingly, the stable magnetite nanoring colloid was 
achieved experimentally by using phosphorylated-MPEG2000 as the stabilizer with 
an inter-particle distance larger than 20 nm as confirmed by DLS. The information 
obtained from this work will open the opportunity to design and fabrication of such 





































In the previous chapter, we have successfully developed vortex based Fe3O4 nanoring 
colloid, which exhibits outstanding colloid stability because of weak inter-rings 
magnetic interaction. Compared with the traditional ferrofluid, containing 
superparamagnetic nanoparticles, the vortex nanoring colloid processes better 
magnetic response ability and higher magnetization due to the ferrimagnetic nature of 
the large volume. This enables the vortex nanoring colloid to be a promising 





 magnetic targeting drug delivery 
5,101-102
 and magnetic 
separation.
103-104
 Among these applications, the magnetic hyperthermia is a promising 
therapeutic cancer treatment that kills the tumor cells. By exposure to a time-varying 
magnetic field, magnetic nanoparticles could generate heat, resulting in rise in 
temperature locally at tumor cells. 
202-203
 When the temperature is increased to above 
42 ℃, the tumor cells could be functionally damaged or even killed, while the normal 
cells are still alive because of better resistance to high temperature.
204
 In order to 
minimize the side effect to patients, the magnetic nanoparticles for hyperthermia are 
required to be not only biocompatible but also possess high efficiency in heat 
dissipation, which could in turn offer the flexibility to reduce particle concentration.  
Generally, the ferrimagentic nanoparticles could generate much higher heat due to the 
huge hysteresis loss, which is superior to the pure relaxation loss of 






 Therefore, a much better hyperthermia 
performance could be expected on the vortex based nanoring colloid. At the same 
time, the nanoring colloid could also retain good colloidal stability. Based on the 
above reasons, in this chapter the hyperthermia performance of the nanoring colloid 
will be investigated. Meanwhile, a commercially available superparamagnetic iron 
oxide nanoparticle Resovist
205-206
 was chosen as a reference material for comparison 
with the vortex nanoring.  
4.2 Methods 
4.2.2 Micromagnetic simulation setup 
The damping coefficient α is choosen as 1 to speed up the convergence. The mesh 
size is 1×1×5 nm
3
. The size of Fe3O4 nanoring is set as thickness (T)=50 nm, outer 
diameter (Dout)=70 nm, inter diameter to outer diameter ratio (β)=0.6, with a 
crystallographic [111] direction along axial direction according to the  experimental 
results.  
In order to determine hysteresis loss at different applied magnetic field (H), hysteresis 
loops in different directions with respect to the axis of nanoring are simulated at a 
given H. The angle between the magnetic field and the axial direction is defined as θ. 





in interval. An overall loop could be then obtained through a numerically 
spherical average process as follows: 




                             
         
      
                       (4.1) 
Where                                                            θ      θ is 
the magnetization of the specific hysteresis loop at the angle of θ. The factor    θ in 
above equation is to imitate a spherical distribution. 
Based on the simulated average hysteresis loop, the heat dissipation could be 
computed by  
                                                        (4.2) 
where A is the area within the simulated hysteresis loop.    is vaccum permeability. 
Ms is the saturation magnetization, f is frequency of AC field in hyperthermia 
measurement. The factor 0.724 is for changing the weight of Fe3O4 into that of Fe. 
Using Eqn. (4.2) and (1.19), the specific absorption rate (SAR) can be derived. 
4.2.3 Magnetic Hyperthermia Measurement 
The phosphorylated-MPEG modified Fe3O4 nanoring colloid was diluted into typical 
concentrations of 0.05, 0.1, 0.2 mg/ml for the hyperthermia measurement.
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 In order 
to understand the heat dissipation mechanism of the Fe3O4 nanoring, the hyperthermia 
measurement was also conducted in Agarose gel suspension (5%).  
4.3 Results and discussion 





Figure 4.1 (a)-(b) TEM images of Fe3O4 nanorings (c) Hydrodynamic diameters of Fe3O4 
nanorings dispersed in water. Inset: Photograph showing the aqueous dispersion of Fe3O4 
nanorings. (d) Room temperature hystersis loops of Fe3O4 nanorings (NRs) and Resovist. 
Fig. 4.1(a) shows TEM images of as-prepared Fe3O4 nanorings. Controlled size of 
Fe3O4 nanorings with the size of 70 nm ± 10 nm were synthesized for the study in this 
work. The obtained single-crystal Fe3O4 NRs have a narrow size distribution (<10%). 
Fig. 4.1(b) represents a TEM image of single Fe3O4 nanoring. Because of the MPEG 
coating layer, the contrast between the surface coating and Fe3O4 core is remarkable 
observed. The stability of Fe3O4 nanorings was proved by DLS measurement. As can 




be seen in Fig. 4.1(c), the hydrodynamic size is about 140 nm, slightly larger than that 
the sizes observed in TEM images, which should be attributed to the expansion of 
hydrophilic MPEG shell layers in aqueous media. The inset in Fig. 4.1(c) indicates 
that the Fe3O4 nanorings colloid is transparent without showing any aggregation, 
implying excellent colloidal stability. These results are in good agreement with that 
presented in Chapter 3. Fig. 4.1(d) shows the room temperature hysteresis loops of 
Fe3O4 nanorings and Resovist. As shown in Figure 1d, the Resovist exhibit a typical 
superparamagnetic behavior with a Ms of about 40 emu/g. By contrast, the Fe3O4 
nanorings shows a ferromagnetic behavior with a much higher Ms, which is around 
73 emu/g. More importantly, the hysteresis loop of nanoring reveals a two-step 
magnetization reversal process, associated with nearly zero remonance. According to 
chapter 3, this two-step magnetization reversal process corresponds to the switching 
from onion to vortex and subsequent transition from vortex to reverse onion state. 
Such two-step magnetization reversal process offers the nanoring great advantage 
superior to the superparamagnetic Resovist as heating agent for hyperthermia. First of 
all, the ferrimagnetic nature could provide significant hysteresis loss. Meanwhile, the 
flux-closure vortex state at remanence can achieve negligible inter-rings magnetic 
interaction, resulting promising colloidal stability. Furthermore, the higher 
magnetization of nanoring could also benefit the hyperthermia performance according 
to Eqn. (1.19).  





Figure 4.2 (a)-(b)Temperature vs. time curve of Fe3O4 nanorings (NRs) and Resovist aqueous 
suspension with different Fe concentrations (0.05, 0.1, and 0.2 mg/mL) under an AC magnetic 
field (600 Oe, 400 kHz).  
The hyperthermia performance of vortex Fe3O4 nanorings and Resovist were studied 
by measuring the temperature rise of aqueous or gel suspensions while applying an 
AC magnetic field. Unless specified, the frequency of the AC field in this chapter is 
400 kHz. Fig. 4.2 (a)-(b) show the temperature vs. time curve of Fe3O4 nanorings and 
Resovist aqueous suspension at different Fe concentrations. The amplitude of the AC 
field is 600 Oe. It can be seen from the figure that Fe3O4 nanorings exhibit a more 
repid temperature rise than the Resovist at all the three Fe concentrations. Take the 
0.1 mg/ml for example, the time required for temperature up to 42 °C is about 500 s 
for the vortex Fe3O4 nanorings. By contrast, more than 20 min is needed for the 
Resovist. It suggests that the vortex based nanoring colloid is more efficient in heat 
dissipation than the commercial superparamagnetic Resovist.  





Figure 4.3 (a) Field dependent SAR values of Fe3O4 NRs and Resovist measured in water 
suspensions. (d) SAR values of Fe3O4 NRs measured in water and gel suspensions. The frequency 
of AC magnetic field is about 400 kHz. 
In order to further compare the hyperthermia performance between the Fe3O4 
nanorings and superparamagnetic Resovist, the temperature rise measurement were 
conducted at different field strength and the corresponding SAR values were 
calculated using Eqn. 2.6. Fig. 4.3(a) shows the field dependent SAR values of Fe3O4 
nanorings and Resovist aqueous suspension with a concentration of 0.1 mg/ml. It 
could be observed that the Fe3O4 nanorings exhibit a much superior hyperthermia 
performance than Resovist at all the fields. Especially, the Fe3O4 NRs could reach a 
SAR value of 2.3 kW/g when the field is above 500 Oe, which is about 10 times 
higher than that of Resovist (0.2 kW/g). In order to understand the mechanism of the 
heat dissipation of the Fe3O4 nanorings, the hyperthermia measurement was also 
conducted in gel suspension with the same concentration, as used in Fig. 4.3(a). The 
results are presented in Fig. 4.3(b). As shown in the figure, the SAR values in gel 
suspension are reduced obviously compared to the values obtained in aqueous 
suspension. This is due to the absence of Brownian relaxation in the gel suspension, 




resulting in a reduction in the SAR values. For the gel suspension with ferrimagneic 
nanoparticles, the heat dissipation is mainly from the hysteresis loss, which can be 
estimated by simulating the hysteresis loops through micromagnetic simulation. 
 
Figure 4.4 (a) Simulated hysteresis loops along different directions with respect to the Fe3O4 NRs. 
The θ denotes the angle between ring axis and field direction. (b) Comparison between simulated 
and experimental hysteresis loop. 
Fig. 4.4(a) shows the simulated hysteresis loops along different directions with 
respect to the Fe3O4 nanorings. The θ in the figure denotes the angle between ring axis 
and field direction. It is apparent that the hysteresis loop strongly depends on the 
direction of magnetic field. Among these simulated hysteresis loops, the in-plane 
direction (θ=90o) hysteresis loop exhibits the highest switching field of about 1.2 kOe 
for the transition from vortex state to saturation state. When the field is tilted out from 
the in-plane direction (θ<90o), the switching field is largely reduced to around 0.6 
kOe, associated with a reduction on the area of hysteresis loop. In practice, all these 
directions have probability to occur when the nanorings are suspended in the water or 




gel. Therefore, an average hysteresis loop, which considers all possible directions, is 
necessary to draw comparison with experimental data. Based on this fact, the average 
hysteresis loop is calculated using Eqn. (4.1). Fig. 4.4(b) provides the average 
hysteresis loop as well as the experimental loop for comparison. As shown in the 
figure, both the simulated and experimental loops exhibit a two-steps switching 
process, corresponding to the saturation-vortex-saturation state transition. More 
importantly, the transition from vortex to saturation occurs at almost the same field 
(about -600 Oe) for the two loops, as shown in Fig. 4.4(b). However, it is observed 
that the simulated loop shows a rapid switching from the vortex to saturation state at 
around 0.6 kOe (narrow switching field distribution). By contrast, the experimental 
loop exhibits a lower slope around the switching field, indicating a broad switching 
field distribution, which leads to a broader hysteresis area than the simulated loop. 
This might be attributed to the size distribution of the synthesized Fe3O4 nanorings. It 
is known that the switching behavior of nanoring is very sensitive to the size. The 
distribution in size could in turn broaden switching field distribution, as observed in 
Fig. 4.4(b). Moreover, the lack of consideration of inter-rings magnetostatic 
interaction could also lead to the discrepancy between experiment and simulation. 
Based on the simulated average hysteresis loop, the SAR values can be derived using 
Eqn. (4.2) and (1.19). The result is presented in Fig. 4.5. 





Figure 4.5 Comparison between simulated and experimental SAR value of Fe3O4 nanoring in gel 
suspension at different frequencies of AC field. 
Fig. 4.5 shows the simulated and experimental SAR values. In addition to the values 
measured at 400 kHz, the values measured at low frequencies (i.e. 180 kHz and 240 
kHz) are also provided for comparison. It can be seen that the simulated SAR values 
are lower than experimental values at all the three frequencies. According to Fig. 
4.4(a), the underestimation of SAR value in simulation should be related to the sharp 
switching process of the simulated hysteresis loop, which might be ascribed to the 
lack of consideration of particle size distribution and magnetic interaction between 
rings.  
4.4 Conclusion 
In the present study, vortex Fe3O4 nanorings colloids have been successfully 
developed as a new class of hyperthermia agent. It is demonstrated that the Fe3O4 
nanorings exhibit a signiﬁcant increase of heat dissipation, which is an order of 




magnitude higher than the commercial superparamagnetic Resovist at high fields. By 
comparing the SAR values of aqueous and gel suspension, it is found that for the 
Fe3O4 nanorings the huge heat generated under AC magnetic field is mainly from the 
hysteresis loss. The hysteresis loss was reproduced through micromagnetic simulation 
by simulating an average hysteresis loop, which considered different field directions 
to imitate a random distribution of nanoring in suspension. This work may pave the 
way for high efficiency hyperthermia by using vortex nanoring as heating agent.  
  

































Recently, the disc shaped magnetic particles have attracted much attention in 
hyperthermia study. Kim et al. reported that the oscillation of gold coated permalloy 
(Iron-Nickel) microdisc could result in cell death and its vortex domain structure 
benefited the colloidal stability due to zero remanance.
63
 However, compared with 
metallic material, iron oxide (i.e. Fe3O4) would be a better choice for bio-application 
owing to their excellent biocompatibility. In addition, the shrinking of particles size 
down to nanometer range would be favorable for colloidal stability. More recently, 
Ma et al. reported a chemical synthesis of Fe3O4 nanodisc with high efficiency in heat 
dissipation. It implies that the Fe3O4 nanodisc would be a promising candidate for the 
hyperthermia therapy. However, so far, there is a lack of systematic study on 
hyperthermia performance and corresponding mechanism for the Fe3O4 nanodisc. 
Moreover, as a size dependent property, the variation in hyperthermia property of the 
magnetic nanodisc at different particle sizes has been yet investigated.   
In order to address the above issue, herein we present a two-steps synthesis of Fe3O4 
nanodiscs, the size of which could be well tuned by controlling reaction conditions. 
Furthermore, the magnetic hyperthermia properties of the Fe3O4 nanodiscs with 
different sizes will be investigated. Additionally, the hyperthermia results of Fe3O4 
superparamagnetic nanoparticle (SNP) and ferrimagnetic nanoparticles (FNP) will be 
also provided for comparison. 





5.2.2 Micromagnetic simulation setup 
The damping coefficient α is choosen as 0.5. The mesh size is 4 nm. The geometrical 
dimensions of nanostructures (i.e. spherical nanoparticles, nanodisc) in simulation are 
set as the mean values obtained from SEM images. To determine the ground state 
phase diagram of the nanodisc, for a given geometric dimension, we let the nanodisc 
relax in absence of applied magnetic field with the following initial states: uniform 
magnetization in the x direction, uniform magnetization in z direction or vortex state 
in x-y plane. The ground state phase is then constructed after comparing the energy of 
different resultant equilibrium states. 
In order to simulate the hysteresis loss, an average hysteresis loop was simulated on 
the assumption of random orientation. Take the single domain ferrimagnetic 
nanoparticle (FNP) for an example, the relative angle θ between the field and 




 at the interval of 10
0
. 
Hystersis loops at all the different angles were simulated. Then an overall loop was 
obtained using Eqn. 4.1 and the corresponding specific absorption rate (SAR) was 
evaluated by using Eqn. (4.2) and (1.19). Similar procedures were repeated on the 
nanodiscs. By contrast, the field direction was changed from the in-plane direction to 
the normal direction of the nanodisc at the internal of 10
0
. Then the SAR values were 
calculated by Eqn. (4.2) and (1.19) based on the average hysteresis loops.  




5.2.3 Magnetic Hyperthermia Measurement 
To perform the hyperthermia measurement, the Fe3O4 nanodiscs were dispersed into 
water by using Cetyltrimethylammonium bromide (CTAB) as stabilizer. The 
CTAB-capped Fe3O4 nanodiscs aqueous suspension was then diluted into a typical 
concentration of 0.1 mg/ml for the hyperthermia measurement.
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 For the sake of 
obtaining an overall understanding of hyperthermia performances for these 
nanostructures, the measurement was conducted in not only aqueous suspension but 
also Agarose gel suspension (5%) at different field H ranging from 0.2 to 0.6 kOe. 
After measurement, the speciﬁc absorption rates (SAR) of the samples were evaluated 
using Eqn. 2.6 for quantitative analysis.  
5.3 Results and discussion 
 
Figure 5.1 SEM images of iron oxide nanodiscs (a)-(b) before and (c)-(d) after reduction.  




Fig. 5.1 shows the SEM images of the as synthesized iron oxide nanodisc before and 
after reduction. As shown by the images, thin flat nanodiscs are obtained at a large 
scale. Meanwhile, the sizes of the nanodiscs are controlled by changing the amount of 
water in alcohol-thermal reaction.
95
 For simplicity, the two samples in Fig. 1(a)-(b) 
are named as D1 and D2 in later discussion. The mean sizes of the two samples are 
summarized in table 5.1. It can be seen from the figure that the three samples show 
similar thicknesses, which are about 28 and 26 for D1 and D2, respectively. Whereas, 
the diameter increases from about 84 (D1) to 225 nm (D2). The aspect ratios (AR) are 
calculated to be 3 and 8.7 for D1 and D2, respectively. Used as templates, these raw 
nanodiscs were subsequently reduced into spinel Fe3O4 phase by the hydrogen-wet 
method. Fig. 5.1(c) and (d) show the SEM images of the products after reduction 
process. It is apparent that the morphologies and sizes of the products are almost the 
same as the raw nanodiscs. No obvious aggregation occurs, implying that the 
hydrogen-wet method could effectively avoid aggregation with respect to the 
traditional hydrogen annealing process. However, as mentioned before, the amount of 
OA is crucial for the reduction. Excessive amount of OA would lead to the 
destruction of the nanodiscs, while the reduction would be incomplete if OA is 
insufficient. To confirm the success of reduction, HRTEM were conducted. 





Figure 5.2 TEM, HRTEM and SAED images of the Fe3O4 nanodiscs. 
Fig. 5.2 shows the TEM, HRTEM and SAED images of the Fe3O4 nanodiscs after 
reduction process. The SAED patterns in Fig. 5.2(c)-(d) indicate that D1 and D2 are 
single-crystalline. Whereas different crystalline orientations are observed in the above 
two samples. As shown in Fig. 5.2(c), the distinguishable lattice spacing of 0.25 nm is 
assigned {311} planes of magnetite. While, the lattice spacing of 0.29 nm in Fig. 
5.2(d) agrees quite well with the {220} planes, implying that the basal up and down 
surfaces of D2 are {001} planes. In order to further examine whether the reduction is 
completed, XRD spectrum of the samples are provided. 




TABLE 5.1 Dimensions and the static magnetic properties of Fe3O4 nanodisc. AR denotes the 




Diameter (nm) 84 225 
Thickness (nm) 28 26 
AR 3 8.7 
Ms (emu/g) 82 80 
Hc (Oe) 236 267 
 
 
Figure 5.3 (a) XRD and (b) VSM of Fe3O4 nanodiscs 
Fig. 5.3 prevents the XRD spectrum and room temperature hysteresis loops and of 
Fe3O4 nanodisc. It can be seen from Fig. 5.3(a) that the raw product before reduction 
shows a typical rhombohedral α-Fe2O3 phase (JPCDS no. 33-0664), which is in good 
consistence with the results reported elsewhere.
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 Whereas, after reduction the 
patterns of the three nanodiscs could be well indexed to the inverse spinel structure of 
Fe3O4 (JPCDS no. 11-0614), confirming the successful conversion from 




rhombohedral α-Fe2O3 to spinel Fe3O4. The room temperature hysteresis loops of the 
Fe3O4 nanodisc are provided in Fig. 5.3(b). As shown is the figure, similar 
Ferrimagentic hysteresis behaviors are revealed for the Fe3O4 nanodisc. The 
saturation magnetization (Ms) and the coercivity (Hc) are about 82 emu/g, 236 Oe and 
87 emu/g, 267 Oe for D1 and D2, respectively. Both the Ms and Hc of the three 
nanodiscs are obviously higher than the Fe3O4 nanodiscs reported before (~71 emu/g, 
~152 Oe).
137,208
 It is known that the hysteresis loss is proportional to Ms and Hc.
209
 
Therefore, higher Ms and Hc would benefit the hyperthermia performance of the 
Fe3O4 nanodiscs.  
 




Figure 5.4 Simulated ground state phase diagram of Fe3O4 nanodisc and magnetic domain 
structures of D1 and D2 (bottom). 
Aiming to acquire deep insight into the magnetic domain structures of the fabricated 
nanodiscs, 3D micromagnetic simulation is performed. Fig. 5.4 presents the simulated 
ground state phase diagram of Fe3O4 nanodiscs as a function of thickness (T) and 
diameter (D). As shown in the figure, the phase diagram is mainly composed by three 
regions corresponding to three ground states, namely out of plane ferromagnetic , in 
plane ferromagnetic state and vortex state, which are similar to the results found in 
permalloy disc and Fe3O4 nanorings.
63,210-211
 When the D is below ~65 nm, out of 
plane ferromagnetic or in plane ferromagnetic state is preferred for the thick or thin 
nanodisc, respectively. For large nanodisc (D> 65 nm), the vortex state, where the 
spins align circularly with a vortex core pointing out of plane in the center, occurs 
when T is above a certain value (boundary between vortex and in plane single domain 
region). According to the phase diagram, it can be seen that D1 should drops in the in 
plane single domain region, while D2 should belong to the vortex region. The 
simulated domain structures of D1 and D2 are provided in the bottom of Fig. 5.4. It is 
shown that the D1 possess an in plane single domain ground state while a vortex state 
is observed in D2. The significant change in domain structures is a result of the 
competition between exchange coupling energy and demagnetizing energy. In small 
nanodisc (D1), the huge exchange coupling energy cost prefers uniform spin 




configuration. However, for the large nanodisc (D2), the flux closure vortex state 
could reduce the demagnetizing energy more effectively.  
 
Figure 5.5 (a) Simplified process scheme, (b) FT-IR spectrum of CTAB, plain Fe3O4 nanodisc 
and CTAB-capped Fe3O4 nanodiscs. (c) DLS spectrum of CTAB-capped Fe3O4 nanodiscs. 
To conduct the hyperthermia measurement, the Fe3O4 nanodiscs were dispersed into 
water using surfactant as stabilizer. In this work, the Cetyltrimethylammonium 
bromide (CTAB), composed by a cationic polar head and a hydrophobic tail, is 
adopted. Fig. 5.5(a) depicts the simplified process scheme of CTAB-stabilized Fe3O4 
nanodiscs. As shown in the figure, CTAB could form a bilayer on the surface of the 
nanodisc. The head group of the first layer face the disc surface while the second 
layer’s cationic polar head facing the aqueous solvent, as reported elsewhere.212-214 
The success of CTAB capping is proved by FT-IR test. Fig. 5.5(b) depicts the FT-IR 
spectrum of the Fe3O4 nanodiscs before and after CTAB capping, respectively. The 




spectrum of pure CTAB (dash line) is also presented for comparison. It is observed 
that two dips occur at 2921 and 2851 cm
-1
 after CTAB capping, which could be well 
assigned to the CTAB. Whereas, the two dips are absent in the spectrum of bare 
Fe3O4 nanodisc, suggesting the successful CTAB capping. After CTAB capping, the 
Fe3O4 nanodisc becomes water-dispersible as the cationic head of CTAB could 
provide repulsive forces to prevent aggregation.
215
 This is confirmed by DLS 
measurement. Fig. 5.5 (c) shows the DLS spectrum of the three CTAB-capped Fe3O4 
nanodiscs. The mean sizes of the nanodiscs can be observed as 90 and 164 nm for D1 
and D2, respectively. It is worth noting that the the value of D1 agrees very well with 
the the SEM result (84 nm). However, the value of D2 is noticeablely lower than the 
SEM result 225 nm. This underestimation in DLS measurement can be attributed to 
the large aspect ratio of D2, whose thickness is much smaller than the diameters. 
When a laser in DLS measurement comes into a nanodisc, it might be scattered by 
either the basal plane or the lateral thickness planes of the nanodisc. As a result, the 
diameter or thickness could be possibly detected. Therefore, the mean size should be a 
value in between the diameter and thickness. This is the reason responsible for the 
observed phenomenon that for large-aspect-ratio D2 the mean size obtained from the 
DLS measurement are smaller than the SEM result.  





Figure 5.6 (a) illustration of experimental setup for hyperthermia testing. (b)-(c)TEM and SEM 
images of reference samples, namely Fe3O4 superparamagentic nanoparticles (SNP) and 
ferrimagentic nanoparticles (FNP), respectively. (d)Time dependent temperature rise of 1 ml 
samples with 0.1 mg/ml concentration on exposure to 0.4 Oe alternating field at 488 kHz 
frequency.  
The CTAB-capped Fe3O4 nanodiscs aqueous suspension was then diluted into a 
typical concentration of 0.1 mg/ml for the hyperthermia measurement.
207
 Fig. 5.6(a) 
shows the experimental setup for the hyperthermia measurement. As illustrated in the 
figure, the samples (0.1 mg/ml, 1 ml) were exposed in alternating field generated by 
copper coil. The temperature evolution was recorded by temperature meter. Apart 
from the Fe3O4 nanodiscs, the measurement was also conducted on two reference 




samples for comparison. The first reference sample is the Fe3O4 superparamagnetic 
nanoparticles (SNP), which is the mostly widely used heating seed for traditional 
hyperthermia application. Fig. 5.6(b) present the TEM images of the Fe3O4 SPN. It 
can be seen from the image that the SPN are uniform with a mean diameter of 11.2 
nm, which is close to the reported optimal size (~12 nm) of Fe3O4 SPN for magnetic 
hyperthermia.
124,216
 Besides, ferrimagnetic nanoparticles (FNP), whose size is 
comparable with that of the nanodisc, is also necessary for comparison because the 
particle size is crucial for its hyperthermia performance.
127
 Fig. 5.6(c) provides the 
SEM images of the FNP. As shown in the figure, the particles are octahedral and the 
mean size is about 58.7 nm. It should be noted that this size is quite close to the 
equivalent diameter (~66 nm) of the D1 (if D1 is considered as an equal volume 
sphere). The above two reference samples (i.e. SNP and FNP) were also stabilized by 
CTAB and their hyperthermia performances were characterized. Fig. 5.6(d) depicts 
the temperature evolution of the samples subjected in 400 Oe alternating field at 488 
kHz frequency. It can be observed from the figure that the time cost for raising the 
temperature up to 42 ℃ is about 300 and 260 s for D1 and D2, respectively. In 
comparison, 600 s and even longer is needed for the FNP and SNP, respectively. It 
suggests that the Fe3O4 nanodiscs exhibit superior hyperthermia performance in 
aqueous suspension under the present field radiation.  




For the sake of obtaining an overall understanding of hyperthermia performances for 
these nanostructures, the measurement was carried out at different field H ranging 
from 0.2 to 0.6 kOe. Moreover, the tests were also conducted in gel suspension to 
elucidate the role of Brownian relaxation.  
 
Figure 5.7 SAR values of CTAB-capped Fe3O4 nanostructures in gel and aqueous susceptions at 
different magnetic field strengths with 488 kHz frequency. (a)Superparamagentic nanoparticles 
(SNP), (b)Ferrimagentic nanoparticles (FNP), and (c)-(e)nanodiscs. The inset in (a) illustrates the 
comparison between the experimental and theoretical SAR values of SNP.  
Fig. 5.7 presents the experimental SAR values of the CTAB-capped Fe3O4 
nanostructures at different field strength. The field frequency is 488 kHz. The red and 
green bars indicate the SAR values of aqueous and gel suspension, respectively. It is 
apparent that the SAR values of aqueous suspension are higher than that of gel 




suspension for all the samples due to the lack of Brownian relaxation in gel. Fig. 
5.7(a)-(b) provide the SAR values of the reference samples. As shown in Fig. 5.7(a), 
the SAR values of SNP are below 1 kW/g at all these fields. For instance, it is about 
0.42 kW/g in water at 0.4 kOe. This value agrees well with the SAR value (0.35 kW/g) 
of 12 nm Fe3O4 nanoparticles (0.46 kOe, 500 kHz).
217
 Moreover, the calculated SAR 
values at different fields were shown as inset in Fig. 5.7(a). It can be seen that the 
calculated SAR values are in good consistence with the experimental values, 
suggesting the validity of the experimental results. In comparison to the SNP, the FNP 
shows obviously higher SAR values (Fig. 5.7(b)), which are about 3 times higher than 
that of the SNP. This is reasonable that the hysteresis loss of ferrimagnetic 
nanoparticles is usually higher than the relaxation dominant heat dissipation of the 
traditional SNP.
125
 Fig. 5.7(c)-(d) shows the SAR value of the Fe3O4 nanodiscs. It can 
be seen that D1 and D2 exhibit slightly higher SAR value in the gel suspension 
compared with the FNP. While, the SAR values of D1 and D2 in water suspension are 
obviously higher than FNP (about 2 times higher at 0.6 kOe). This significant increase 
in the SAR value should be related to the Brownian relaxation since the water 
suspension shows much higher SAR value than the gel suspension, as shown in Fig. 
5.7(c)-(d). For the verification of the hysteresis loss measured in the gel suspension, 
micromagnetic simulation was adopted to estimate the hysteresis loss by simulating 
the hysteresis loop of the Fe3O4 nanostructures.  





Figure 5.8 (a) Simulated average hysteresis loops of different Fe3O4 nanostructures. (b) Simulated 
magnetic domain evolution of D2. (c) Comparison between the experimental and 
micromagnetically simulated hysteresis loss.  
Fig. 5.8(a) shows the micromagnetically simulated room temperature (300 K) 
hysteresis loop of individual Fe3O4 nanostructures. It can be seen in Fig. 5.8(a) that 
the single domain FNP and D1 show similar one-step switching reversal processes. In 
comparison, an obvious multi-step switching phenomenon is observed in D2. Fig. 
5.8(b) provides the magnetic domain structures of D2 at different point during 
reversal process. It shows that the first drop, which occurs at about 0 Oe, corresponds 
to the switching from the saturation state (i) to the “C” state (ii). At around -0.2 kOe, 
the formation of an off-centered vortex state (iii) leads to the second switching step. 
With the field increasing further, vortex core movies downward until it disappears at 
about -0.5 kOe. Based on the simulated hysteresis loop, the heat dissipation could be 
computed Eqn. (4.2) and (1.19). The calculated SAR values are presented in Fig. 
5.8(c). It can be seen from the figure that the simulated SAR values agree very well 




with the experimental values. Moreover, the simulation confirms that the nanodiscs 
exhibit obviously higher hysteresis loss than the nanoparticles, which is in good 
consistence with experiment. Furthermore, according to the simulation, the two 
nanodiscs show almost the same hysteresis loss, though possessing different magnetic 
domain structures. By contrast, the experimental SAR of D2 is slightly higher than 
that of D1. The slight discrepancy between simulation and experiment might come 
from the size distribution as well as the magnetostatic interactions between 
nanostructures, which are not considered in the simulation. In order to compare the 
Brownian relaxation between these nanostructures, the Brownian relaxation loss of 
different samples is estimated by subtracting the SAR value of gel suspension from 
that of the aqueous suspension. This is because the SAR measured in water contains 
both the contribution from Brownian relaxation and that from the hysteresis loss. 
While the SAR measured in gel only results from hysteresis loss. 
 
Figure 5.9 Comparison of Brownian Loss between different Fe3O4 nanostructures. 
Fig. 5.9 shows the calculated Brownian loss of different Fe3O4 nanostructures. 
Interestingly, it can be observed that the D1 and D2 could reach extremely high 
Brownian loss (~2 kW/g) at high field, which is nearly 8 times higher than that of 




SNP and FNP at 0.6 kOe. It means the Brownian relaxation might be much more 
pronounced in nanodisc suspension than the isotropic nanoparticles. In general, the 
Brownian relaxation in magnetic hyperthermia refers to the rotation of nanoparticle 
with respect to surrounding carrier (usually water) because of external field. When the 
magnetic nanoparticle is subjected into a field H, it will experience a torque,
63
 
      , where m is the magnetic moment. The torque therefore drives the 
nanoparticle rotating in the liquid. Meanwhile, the field energy is converted into the 
thermal energy by means of friction between the nanoparticle and the fluid. This is 
valid for the spherical (or isotropic) nanoparticles, such as SNP and FNP. However, it 
needs to be redefined for the anisotropic nanoparticle (i.e. nanodisc). Apart from the 
friction effect, the nanodisc might be able to stir the surrounding liquid because of the 
torque   , as found in the magnetic vortex microdisc.
63
 Upon the “stirring” effect, 
the field energy could be directly converted into the kinetic energy of the liquid thus 
achieving rapid temperature increase, as observed in Fig. 5.9.  
 




Figure 5.10 Illustration of Brownian Loss of nanodiscs and spherical nanoparticles 
Based on the above discussion, herein we attempt to propose a “stirring” Brownian 
relaxation of nanodisc, as illustrated in Fig. 5.10. Fig. 5.10(a) shows a traditional 
Brownian relaxation of isotropic nanoparticles under alternating field. The friction 
between the nanoparticle and surrounding media transfer the field energy into thermal 
energy. However, as illustrated in Fig. 5.10(b), the nanodisc could also rotate and stir 
the surrounding media under exposure to the alternating field. Compared with the 
rotational relaxation of spherical nanoparticles, which is purely relied on the friction, 
the nanodisc could directly convert the field energy into the kinetic energy of 
surrounding media. In addition, the friction between the nanodisc and liquid media 
also exist, which might be even more evident due to larger surface area than the 
isotropic nanoparticles with the same volume. Therefore, the energy transfer 
efficiency of the nanodisc could be much superior to the isotropic nanoparticles. 
Nevertheless, it should be emphasized that such “stirring” Brownian relaxation of 
nanodisc is proposed based on the phenomenon that the SAR value measured in water 
suspension is much higher than that measured in gel suspension, as shown in Fig. 5.9. 
In order to confirm the “stirring” effect of nanodisc, experimental demonstration is 
also necessary. However, due to the lack of effective experimental technique for such 
characterization at radio frequency, it is hardly to provide experiment evidence, which 
should be investigated in the future.  





In conclusion, we successfully fabricated uniform Fe3O4 nanodisc with different 
particle sizes and their magnetic domain structures were investigated by 
micromagnetic simulation. The simulated hysteresis loss of non-superparamagnetic 
nanostructures (nanodiscs, FNP) agrees well with corresponding SAR values in gel 
suspension. Moreover, the hyperthermia measurement of the CTAB stabilized Fe3O4 
nanodiscs reveals that small nanodisc could exhibit much more prominent Brownian 
relaxation than the nanoparticles (SNP, FNP), which might be interpreted as the 
“stirring effect” of nanodisc at the influence of alternating field. This “stirring” based 
Fe3O4 nanodisc could offer us a high efficiency energy transfer agent that can be 
potentially utilized in the magnetic hyperthermia for cancer treatment.  
  










CHAPTER 6: A Predictive Method for Microwave 


















In previous chapters, the static and radio frequency magnetic properties of various 
magnetic nanostructures have been discussed. In this chapter, magnetic properties at 
higher frequency, namely microwave frequency, will be investigated by both 
experiment and micromagnetic simulation. In recent years, microwave permeability 
of magnetic elements has attracted great attention due to the continuing request of 
advanced microwave devices. As mentioned earlier, the dynamic properties of 
magnetic element strongly depend on the shape anisotropy. For various shapes, the 
competition between exchange energy and mangetostatic energy may prefer distinct 
magnetic domain structures, resulting in significant variation in both static and 
dynamic magnetic properties. 
144,218-222
 Therefore, the prediction of high frequency 
permeability is of prime interest and ongoing effort is being devoted to establish 
theoretical models in order to calculate high frequency permeability spectrum of 
different magnetic nanostructures.  
To date, there are mainly two kinds of theoretical models, namely the LLG based 
method, which solves the LLG equation, and the LLG&Maxwell method, where both 
LLG and Maxwell’s equations are satisfied. Generally, the LLG based method usually 
refers to a number of analytical formulas.
156,223-224
 Among them, Kittle’s formula82 
and Snoek’s law,154 are two of the most widely accepted analytical formulas. 
Nevertheless, it should be emphasized that the two formulas are only valid for the 




single domain case (uniform or quasi-uniform magnetization distribution). Even 
though the numerical micromagnetic simulation could simulate the high frequency 
permeability of complex spin configuration.
225-228
 However, it is also based on the 
LLG equation thus the effect of wave propagation is yet considered.  
For electromagnetic (EM) wave, Maxwell’s equation should be satisfied together with 
LLG equation thus coming up with the LLG&Maxwell method. The results obtained 
from the LLG&Maxwell method suggests that the relative orientation of wave 
propagation and magnetization does affect the high frequency permeability spectrum 
of magnetic nanostructure.
155-157
 In this method, two extreme cases are defined, 
namely the LFC and TFC. In LFC, the wave vector is parallel to the magnetization, 
while they are perpendicular to each other in TFC. The two cases give distinct 
resonance frequency and their relationships are given by Eqn. (1.26).  
In our previous work, Wu et al. tried to calculate the high frequency permeability of 
magnetic sphere with the assumption of random magnetic domain.
156-157
 However, 
only magnetocrystalline anisotropy field is involved in the permeability calculation. 
The shape anisotropy, which plays an important role in dynamic magnetic properties 
of non-spherical nanostructure, is not included as an analytical method. Moreover, the 
assumption of random distribution of domain orientation is obviously insufficient for 
a domain structure with certain orientation.  




To address this issue, in this chapter, we attempt to develop a new model based on the 
LLG&Maxwell method for calculation of microwave permeability of magnetic 
nanostructures, which could take both the shape anisotropy and the relative 
orientation between wave and magnetization into account. Meanwhile, various Fe3O4 
nanostructures (nanoring, nanorod, nanodisc and octahedral) are fabricated and their 
microwave permeability are measured for the verification of the present model.  
6.2 Theoretical Model and Experiment 
As mentioned above, we are going to establish a new method for the calculation of 
microwave permeability of magnetic nanostructures. This model is completed by 
several steps as follows: Firstly, the ground state domain structure is computed by 
micromagnetic simulation. Secondly, a local effective magnetic field (Heff) is 
calculated at every cell by applying a static magnetic field (h0). Thirdly, with this Heff 
the permeability is evaluated for each cell using the traditional LLG&Maxwell 
method. Finally, an average permeability is derived through averaging the entire 
nanostructure. The details of the above steps are introduced as below.  
6.2.1 Micromagnetic simulation for magnetic domain evaluation.   
Unless otherwise specified, the magnetic parameters of materials used in the 
micromagnetic simulation are listed in the table 2.2. The damping coefficient α are 
chosen as 0.5 for domain evaluation. In order to assure the accuracy of our simulation, 
the cell size is set smaller than the exchange length (Lex) as shown in table 2.2. The 




simulation is assumed to have reached the equilibrium state when the largest angular 
variation of magnetization between two successive iterations is below 10
-8
.  
To determine the ground state for magnetic nanostructures, the magnetic 
nanostructures were relaxed in absence of external magnetic field with the following 
initial states: uniform magnetization or vortex state in different directions. The ground 
state phase is then obtained after comparing the energy of different resultant 
equilibrium states. 
6.2.2 The calculation of complex permeability for single magnetization 
The complex permeability of single magnetization is calculated by using LLG& 
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where       ,         ,       ( f is frequency),   is the angle between 
wave vector k and magnetization  M. α is damping coefficient, which is set as 0.5 for 
domain structure simulation and 0.015 for  calculation unless otherwise specified. 




Based on the permeability tensor (Eqn. (6.1)), a scalar permeability value could be 
obtained by taking the eigenvalue: 
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The derivation of the above Eqn. (6.1)-(6.5) is provided in Appendix. 
6.2.3 The calculation of local effective magnetic field (Heff) 
According to Eqn. (6.1)-(6.5), the permeability is related to the      as well as 
relative angle   between the magnetization and wave vector. The two parameters are 
calculated individually for each mesh cell based on the ground state magnetic domain 
structure. 
 
Figure 6.1 (a) Illustration of domain structure of a magnetic nanorod at equilibrium state. The 
spins are parallel to the local effective anisotropy field (Heff). (b) The magnetic moments precess 
about Heff because of an incident microwave. h and k denote the magnetic component and wave 
vector, respectively. (b) SW rotation of M under external field ho. 




Fig. 6.1(a) illustrates a uniform domain structure in a magnetic nanorod. From a 
micromagnetic point of view, the magnetic structure is divided into a number of 
“cells”. Each cell possess a magnetic moment (M) and it is aligned to an local 
effective anisotropy field (Heff) at its site if the micromagnetic system reaches an 
equilibrium state,
229
 as illustrated in Fig. 6.1(a). When a microwave is shined to the 
system (Fig. 6.1(b)), the M begins to precess about Heff and resonance will take place 
if the wave frequency equals γHeff. It is clear that the Heff determines the resonance. In 
principle, Heff includes the contribution from many aspects (i.e. crystalline anisotropy, 
shape anisotropy exchange, etc.) and it could be obtained by the differential of energy 
to the magnetization. However, in micromagnetism the Heff calculated by this method 
contains the huge exchange interaction (~10
5 
Oe) while it usually does not participant 
in the nature resonance indeed. Base on this fact, herein we are trying to use the 
Stoner-Wohlfarth (SW) rotation, as illustrated in Fig. 6.1(c), to derive the local Heff 
for each cell in the presence of a minor static magnetic field ho. It can be seen in this 
figure that the angle between M and ho is defined as δ while the angle between Heff 
and ho is represented by δ0. In such a system, the energy (E) could be expressed as 
                                                        (6.6) 
At equilibrium, the energy is minimized with respect to  , using        : 
                                                             (6.7) 




When  ho « Heff, δ≈ δ0, it can be written as
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By definition,   could be written as 
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where    is the change of magnetization as a result of applied field ho,    is ho 
and its amplitude is chosen as 1 Oe so that ho « Heff. Eventually the Heff could be 
estimated by using Eq. (6.9) and (6.10) locally in each cell over the whole sample. If 
     
  
   
, where Ku is anisotropy constant, Eqn. (6.9) gives     
       
   
,which 
coincides with the initial susceptibility of uniaxial crystalline dominant material.
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Compared with Heff, the   could be easily obtained when the domain structure and 
relative orientation of microwave are known.  
6.2.4 Average complex permeability of magnetic nanostructure 
After the local Heff and   at each cell are obtained, an overall intrinsic permeability 
( 
  
) of the nanostructure could be derived by average over the entire magnetic 
domain structure as follows: 
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where the subscript i indicates the number of cell. Finally, the real part (  ) and 
imaginary part (   ) can be determined by decomposing the    .  
6.3 Results and Discussion 
6.3.1 “Single spin” test  
In order to examine the SW model for the evaluation of Heff, a simple micromagnetic 
simulation is conducted by using a “single spin” model. The “single spin” here refers 
to a sole cell in simulation. In another word, we simulate the magnetic response of 
only one cell. The demagnetizing field is purposely removed from the effective 
magnetic field thus the cell only experiences the applied magnetic field. 
 
Figure 6.2 “single spin” test of SW model. 
Fig. 6.2 shows the “single spin” test of SW model. As shown in the left side of Fig 6.2, 
a “single spin” is placed in an external magnetic field (Hext) and it is aligned to the 
direction of Hext when the system achieves equilibrium. To detect the applied Hext, a 
tiny magnetic field h0 (1 Oe) is applied to the “single spin” in different directions. The 




angle between h0 and Hext is defined as δ. After reaching a new equilibrium under h0 
and Hext, the Hext is obtained by Eq. (6.9) and named as detected Hext. The applied Hext 
is varied from 10 to 100, 1000 Oe. The detected Hext is shown in the right side of Fig 
6.2. It can be seen from the figure that the detected Hext agrees very well with the 
applied Hext when the applied Hext is 100 and 1000 Oe. For small Hext (10 Oe), the 
deviation is below 10%, implying that the SW model is still valid. It is also worth 
noting that for a certain applied Hext, the detected Hext is nearly independent of the 
angle δ. This is quite essential for the evaluation of local Heff in practical magnetic 
domain structures. Recall that for a practical domain structure, h0 is applied to detect 
local Heff at the position of cell. The δ depends on the directions of h0 and the 
magnetic moment of corresponding cell, which is a variable ranging from 0 to  /2. 
The independence of the detected Heff and angle δ suggest that the effect of δ is 
negligible so the local Heff could be detected by h0 at any direction except zero degree. 
When   is zero, h0 is parallel to Heff and the SW rotation becomes meaningless.  
6.3.2 Heff in single domain nanosphere and nanorod  
We start testing our model from the simplest case, namely single domain nanospheres, 
where the Heff should equal to the crystalline anisotropy field (Ha) of the magnetic 
material. Herein, several typical magnetic materials, namely Fe, Co, L10 FePt and 
Fe3O4, are selected for verification. For single domain nanospheres, the Ha is given by 
   
   
  
 (Fe, Co and L10 FePt) or    
   
   
 
   
   
 (Fe3O4). Therefore, the Ha could 




be calculated to be 560, 5789, 11.58     and 399 Oe for Fe, Co, L10 FePt and Fe3O4, 
respectively.  
In order to compare these values with the present model, single domain nanospheres 
with different materials were constructed in micromagnetic simulation. The diameter 
of the spheres is kept as 20 nm to ensure a single domain ground state. The thermal 
effect, which might let the magnetization rotate randomly thus resulting in the 
“superparamagntism”,232 is not considered hereby because we only aims at deriving 
the Ha of the nanospheres with different materials. 
 
Figure 6.3 (a) Magnetic domain structure of a 20 nm single domain Fe nanosphere. (b) 3D Heff 
mapping and (c) Heff count.  
Fig. 6.3 shows the magnetic domain structure and Heff distribution of a 20 nm Fe 
sphere calculated by our SW model. As can be seen in the figure, the micromagnetic 




simulation reveals a single domain state, where nearly all the spins align along the z 
direction. Based on the domain structure, a static magnetic field h0 (1 Oe) was applied 
to the x direction (pendicular to the moment). Using Eqn. (6.9)-(6.10), the local Heff 
was calculated throughout the sample. Fig. 6.3(b) provides 3D Heff mapping. It is 
apparent that the sphere mainly exhibits a Heff around 560 Oe, while the two sides 
along x direction show slightly lower values (about 530 Oe). In contrast, the region of 
highest Heff occurs in the two poles along z direction. The Heff count (Fig. 6.3(c)), 
shows that distribution of Heff is narrow. At the same time, a mean value about 557 
Oe is revealed by Gaussion fitting, which agrees very well with the crystalline 
anisotropy field of 560 Oe. Similar results can be found in spheres with other 
materials. The derived mean Heff and Ha of single domain nanospheres with different 
materials are summarized in table 6.1 for comparison. It is can be seen from table 6.1 
that the mean Heff values calculated by the SW model matches very well with the Ha 
for all these nanospheres. 
Table 6.1 List of Ha and calculated Heff of different single domain nanospheres (D= 20 nm). 
 Ha (Oe) Heff (Oe) 
Fe 560 557 
Co 5798 5679 
Fe20Ni80 - - 
L10 FePt 1.16     1.21     
Fe3O4 399 388 




As mentioned before, the anisotropy in nanosphere is mainly from the crystalline 
anisotropy, while the shape anisotropy is absent. In order to further verify the present 
model on shape anisotropy dominant structure, magnetic nanorods were calculated. 
Herein, magnetic nanorods with the size of 200 nm in length and 20 nm in diameter 
were chosen for the study due to their high aspect ratio (AR=10), which could easily 
result in a nearly uniform magnetic domain structure. 
 
Figure 6.4 (a) Magnetic domain structure and (b) Heff distribution and mapping of a Fe rod 
with 20 nm in diameter and 200 nm in length. 
Fig. 6.4 shows the magnetic domain structure and Heff distribution of a Fe rod with 20 
nm in diameter and 200 nm in length. As can be seen in Fig. 6.4(a), the magnetic 




domain structure is single domain, where the spins align along the rod axis. Moreover, 
outward and inward spreading trends are observed in the two ends. After knowing the 
domain structure, a tiny magnetic field h0 (1 Oe) is applied in x direction to the rod. 
Using the SW model, the local Heff within each cell is derived over the entire nanorod. 
Fig. 6.4(b) illustrates the Heff count. It can be seen that a major peak occurs at around 
11.15 kOe, associated with several satellite peak located between 2.5 and 10.8 kOe. 
These small satellite peak results from the two ends of the nanorod, where there is 
lower anisotropy due to the splay of the magnetization distribution. Recalling that the 
magnetocrystalline anisotropy field (Ha) is only about 560 Oe for Fe, The shape 
anisotropy is responsible for the increment in Heff. In order to know the distribution of 
the local Heff, 3D mapping is provided as inset in Fig. 6.4(b). It is evident that the 
middle part shows a uniform Heff about 11 kOe, corresponding to the main peak in 
Heff count. It is known that for the single domain nanorod the Heff should be the sum 
of crystalline anisotropy field HK and shape anisotropy field Hsh, namely       
   , where the     
    
  




         is the equivalent anisotropy 
constant.
233
 Nz is the demagnetizing factor in the easy direction (z direction). For the 
rod with AR=10, the Nz is 0.0172.
234
According to the above analytical formula, the 
Heff of the Fe rod should be around 10770 Oe, which is quite close to the value of 11 
kOe as revealed by our model. Similar calculations were performed on other materials. 
The results are provided in table 6.2. It can be seen from the table that the Ha is in 
good consistence with Heff for all these nanorods 




Table 6.2 List of Ha and calculated Heff of single domain nanorods (D= 20 nm, L= 200 nm). 
 Ha (Oe) Heff (Oe) 
Fe 10770 11125 
Co 14221 14730 
Fe20Ni80 4766 4965 
L10 FePt 1.23     1.28     
Fe3O4 3518 3593 
So far, it has been proved that the SW model woks well to calculate the effective 
anisotropy field Heff of single domain nanosphere and nanorod. Based on the Heff, the 
direction dependent microwave permeability could be calculated by using Eqn. (6.5). 
6.3.3 Microwave permeability of single domain nanosphere and nanorod 





Figure 6.5 Microwave permeability spectrums single domain Fe sphere (D=20 nm) at different 
relative orientations.θ is the angle between the wave vector and magnetic moment of sphere. 
Fig. 6.5 presents the microwave permeability spectrums the single domain Fe sphere 
at different relative orientations. θ is the angle between the wave vector and magnetic 
moment of sphere. As shown in this figure, θ is crucial for the microwave 
permeability spectrum. When the magnetic moment is parallel to the wave vector 
(θ=0o), also called LFC, the initial permeability is about 42, associated with a sharp 
resonance peak at 1.6 GHz. With θ increasing, the initial permeability remains 
unchanged. Whereas, the resonance peak shift significantly to 9.8 GHz when 
magnetic moment is normal to the wave vector (θ=90o), which is called TFC, 




accompanied with a decrease in the amplitude of resonance. The results agree well 
with that reported elsewhere.
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In order to verify the values of the resonance frequency fr and initial permeability     
obtained by our model, analytical formulas were utilized to calculate the two 
parameters for single domain nanosphere with different material. The results are 
shown in table 6.3.  
Table 6.3 List of resonance frequency (fr) and initial permeability (   ) of single domain magnetic 
nanospheres (D=20 nm) calculated by present model and analytical formulas.  
 
Resonance frequency fr (GHz)  Initial permeability     
Present model 
Eqn.(1.23)  Eqn.(1.26) 
Present model 
Eqn.(1.24) 
LFC TFC LFC TFC 
Fe 1.6 9.8 1.9 10.9 42.1 39.6 38.5 
Co 15.9 32.3 16.7 33.4 4.1 4.1 3.1 
L10 
FePt 
338.2 354.2 328.1 347.8 1.1 1.1 1.1 
Fe3O4 1.1 4.5 1.2 4.8 18.8 17.2 16.2 
 
Table 6.3 shows the fr and     of different single domain nanospheres. As shown in 
this table, the fr of LFC and TFC calculated by Kittle’s formula (Eqn. (1.23)) and Eqn. 
(1.26) agree very well with our model. In addition, the     derived by Eqn. (1.24) is 
consistent to the values revealed by our model. All these results prove the validity of 
the present model. Furthermore, the     value of LFC is nearly the same as that of 




TFC for all these nanospheres, suggesting that the     is independent of the relative 
orientation between magnetic moment and wave vector. Similar results were also 
found in the single domain nanorods. 
 
Figure 6.6 Microwave permeability spectrum of single domain Fe nanorod at different 
relative orientations. θ is the angle between the wave vector and rod. The microwave 
magnetic field is fixed along x direction (perpendicular to the rod) 
Fig. 6.6 shows the microwave permeability spectrums of Fe nanorod at different 
relative orientations. The microwave magnetic field is fixed along x direction 





. As can be seen in this figure, the initial permeability is 
constant (about 3.3) while the resonance peak changes significantly from 31.3 to 53.2 




GHz when θ is increased from 00 to 900, similar to the results of single domain 
nanosphere. For single domain nanorod, the effective anisotropy is a sum of shape 
anisotropy and crystalline anisotropy, namely    
         
  
, so the initial 
permeability    
  could be written as 
                                 
  
 
      
   
  
 
                                  (6.12) 
Using Eqn. (6.12), the   
 
 is calculated to be 2.6, which is slightly lower than the 
value 3.3 derived by our model. The deviation is attributed to the spins in the two 
ends. As mentioned earlier, the spins in the ends have lower Heff thus leading to the 
increase of   
 . The resonance frequency fr of the rod could be calculated by Eqn. 
(1.23) and Eqn. (1.26) for LFC (θ = 00) and TFC (θ = 900), respectively. It is found 
that the results (30.5 and 52.8 GHz for LFC and TFC, respectively) agree very well 
the results (31.3 and 52.2 GHz for LFC and TFC, respectively) as observed in Fig. 6.6. 
The calculation is repeated for nanorods of different material. The results are shown 
in table 6.4.  
 
Table 6.4 List of resonance frequency (fr) and initial permeability (   ) of single domain magnetic 
nanorods (D=20 nm, L=200 nm) calculated by present model and analytical formulas. 
  
Resonance frequency fr (GHz)  Initial permeability     
Present model 
Eqn.(1.24)  Eqn.(6.1) 
Present model 
Eqn.(6.13) 
LFC TFC LFC TFC 
Fe 31.2 53.4 30.5 52.8 3.3 3.3 2.6 




Co 41.2 61.2 40.3 60.4 2.3 2.3 1.4 
L10 FePt 341.0 360.0 347.3 367.0 1.1 1.1 1.0 
Fe3O4 9.8 16.4 9.5 16.1 3.0 3.0 2.0 
 
Table 6.4 provides the resonance frequency fr and initial permeability   
  of single 
domain nanorods calculated by both our model and analytical formulas. As shown in 
the table, the fr in LFC calculated by our model agrees well with Kittle’s formula (Eqn. 
(1.24)) for all these magnetic nanorods, indicating that our model is valid. On the 
other hand, it suggests that the Kittle’s formula is an extreme case, namely LFC, of 
our model. Moreover, the fr of our model in TFC coincides with Eqn. (6.1). For the 
initial permeability, our model shows that the LFC and TFC give exactly the same 
value, implying that the initial permeability is independent of the relative orientation 
of magnetic moment with respective to the wave vector. Additionally, the initial 
permeability revealed by our model is close to the result calculated by Eqn. (6.12). All 
these results confirm the validity of our model. However, it should be noted that for 
the value calculated by our model is slightly higher than that derived by Eqn. (6.12). 
This is because in our model the two ends of nanorods exhibit lower Heff than the 
middle part due to the splay of magnetization, as shown in Fig. 6.4. The low Heff 
finally gives rise to the initial permeability. By contrast, Eqn. (6.12) is based on a 
single domain assumption and a uniform Heff is used. Therefore, our model suggests 
slightly higher initial permeability than Eqn. (6.12). This effect is negligible in FePt 




nanorod. It is reasonable that the high crystalline anisotropy of FePt make the spins 
align along the rod axis, even in the two ends of rod. Such uniform magnetization 
distribution results in uniform Heff, resulting in almost the same initial permeability as 
that suggested by Eqn. (6.12).  
6.3.4 Comparison with micromagnetic simulation 
So far, we have compared our model with analytical formulas. However, these 
analytical formulas are highly simplified thus could hardly take into account the 
domain structure, which could be tackled by the micromagentic simulation. It is 
known that OOMMF is one of the most widely accepted micromagnetic package for 
the simulation of high frequency permeability.
9
 Therefore, we simulated the 
permeability spectrum of the nanorods using the OOMMF for further verification. It 
should be noticed that herein the permeability spectrum is directly simulated by 
OOMMF. In the simulation, an exponentially decaying field pulse,      
                 A/m (t in ns), is applied along the x direction (perpendicular to 
the nanorod). The complex magnetic susceptibility   is calculated by using the FFT 
technique. The Complex permeability could be then obtained using      . The 
cell size, exchange stiffness constant A, magnetocrystalline anisotropy constant K1 
and K2, damping coefficient α are chosen the same values as used in our model. 





Figure 6.7 High frequency permeability of Fe nanorods (D=20 nm, H=200 nm) calculated by 
present mode and micromagnetic simulation (OOMMF). In the calculation of present model, the 
microwave vector is parallel to the nanorod, namely the Longitudinal Field Case (LFC). 
Fig. 6.7 presents comparison of permeability spectrums of Fe nanorod between 
present mode and micromagnetic simulation (using OOMMF). The results provided 
by present model are based on the Longitudinal Field Case (LFC), in which the 
microwave propagates along the nanorod (shown as inset in Fig. 6.7(b)). It can be 
seen that both the two methods give the same initial permeability. Furthermore, the 
resonance frequency of major peak revealed present model is in good consistence 
with OOMMF despite of slight deviation. Moreover, both the two methods reveal 
multi-resonance phenomena. According to the earlier discussion, the resonance peaks 




at low frequency (edge mode) results from splay of spins in the ends of rod. It is 
noticed that in our model the edge mode is composed by a several tiny satellite peaks. 
This is because of the discontinuous distribution of Heff, as shown in Fig. 4(b). In 
comparison, the OOMMF suggests a single secondary resonance peak for the edge 
mode. Nevertheless, the resonance frequencies where the edge mode occurs are close 
to each other for the two methods. Therefore, it turns out that our model agrees well 
with OOMMF. Meanwhile, it suggests that the OOMMF only describes the 
Longitudinal Field Case of our model, implying that our model is more universal 
since it could give us high frequency permeability at arbitrary orientations.   
6.3.5 The bond between resonance frequency and initial permeability in TFC 
In addition, it is known from Fig. 6.5 and Fig 6.6 that the resonance frequency could 
be increased significantly by tilting the single domain nanorod away from wave 
vector while the initial permeability remains unchanged. It is worth noting that this 
phenomenon contradicts with Snoek’s limit (Eqn. (1.25)). The Snoek’ limit suggests 
that the increase in resonance frequency will lead to the decay in initial permeability 
for a given Ms, implying that the Snoek’s limit might be invalid when the wave 
orientation takes effect. To draw comparison with Snoek’s limit, we define      
        as Snoek ratio and it is computed at different angle θ for the single domain 
nanorods. According to Eqn. (1.25), the Snoek ratio should equal to 1 if Snoek’s limit 
is satisfied. 





Figure 6.8 Orientation dependent Snoek ratio of single domain nanorods. The dimensions of the 
nanorod are the same (D=20 nm, H=200 nm). The Snoek’s limit are provided (green line) for 
comparison. 
Fig. 6.8 shows the Snoek ratio of single domain magnetic nanorods at different 
relative orientations. It can be seen in this figure that the Snoek ratio is slightly higher 
than 1 when θ is 0o (LFC). This is due to the low frequency resonance of the edge 
spins in the two ends, which gives rise to the initial permeability and results in the 
increase of Snoek ratio. With the increase of θ, the ratio rises significantly for all the 
nanorods. A θ =90o (TFC), the ratio is about 2 times higher than the Snoek’s limit for 
soft magnetic materials (i.e. Fe, Fe20Ni80 and Fe3O4) and is about 1.6 times higher for 
the hard magnetic materials (Co). It is known from Fig. 6.5 and Fig 6.6 that the initial 
permeability remains the same for TFC and LFC. Therefore, the enhancement in the 
Snoek ratio is attributed to the increase of resonance frequency. According to Eqn. 




(1.26), the resonance frequency in TFC is increased by a factor of         
    
with respect to LFC. Hence the Snoek’s limit in TFC can be modified as, 
                 
      
              
                     (6.13) 
where        ,   
    and   
    are the angular resonance frequency in TFC 
and LFC, respectively. It can be seen from Eqn. (6.14) that the enhancement is Snoek 
ratio is related to the ratio of Ms to the resonance frequency in LFC case, namely 
  
   . That is why the soft magnetic material with low   
    exhibits a larger 
enhancement than the hard materials with high   
   , as shown in Fig. 6.8. So far, the 
bond between resonance frequency and initial permeability are completed in both 
TFC and LFC, which are summarized in Table 6.5 together with the resonance 
frequency. 
Table 6.5 Summary on the angular resonance frequency   , the product of angular resonance 
frequency and initial permeability    
       for single domain nanoparticles. The upper script 
(LFC or TFC) indicates the relative orientations of magnetic moment with respect to the vector.  
      . 
   
(LFC)   
      γ               γ                 Kittle’ formula
82
 
(TFC)     
       
      
                                Eqn. (1.26) 
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(LFC)           
   =                                   Snoek’s limit 
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(TFC)           
              
                      by this work 
6.3.6 Comparison between experiment and the present model 
So far, this model is demonstrated by existing analytical formulas. Evidence from 
experiment is also indispensable. Therefore, different magnetic nanostructures 




(octahedral, disc, ring and rod) were fabricated by chemical method for the 
verification of present model. Herein, we only focus on Fe3O4 due to its good 
chemical stability superior to metallic material at the nanoscale. 
 
Figure 6.9 SEM images of the synthesized Fe3O4 nanostructures. The insets illustrate the mean 
dimension and crystalline orientation. 
Fig. 6.9 presents the SEM images of the synthesized Fe3O4 nanostructures. The insets 
illustrate corresponding mean dimensions and crystalline orientations. As can be seen 
in this figure, high quality and uniform nanostructures, i.e. nanoring, nanodisc, 
octahedron and nanorod are successfully fabricated at large scale by the chemical 
method. The insets show that the dimensions of all these nanostructures are well 
above the critical value of superparamagnetic behavior, which is about 20 – 30 nm for 
Fe3O4.
44
 In addition, it can be seen that all these nanostructures are dominated by 




{111} surface facet. Such a phenomena is attributed the minimization of mean surface 
free energy because the {111} facet possess lower free energy than other facet, such 
as {100} and {110}.
235
 
Table 6.6 Static magnetic properties of Fe3O4 nanostructures 
 
Oct Disc Ring Rod 
Ms (emu/g) 93 81 69 89 
Hc (Oe) 71 150 252 364 
Table 6.6 presents the static magnetic properties of Fe3O4 nanostructures. The Ms and 
Hc are extracted from the room temperature hysteresis loops. As shown in the table, 
both the two parameters change with shape. The Ms varies from 69 emu/cc for ring to 
the bulk value of 93 emu/cc for octahedron. Since Ms is crucial for the microwave 
performance, experimental value will be used in permeability calculation in order to 
imitate the practical condition. As a shape dependent parameter, the Hc varies 
significantly. It is only about 71 Oe for octahedral while the largest value of 364 Oe is 
found in nanorod, implying the important role of shape anisotropy. Distinct shape 
anisotropy prefers different magnetic domain structures and finally results in 
significant change in both static and dynamic magnetic behavior. Using the geometric 
dimension, crystalline orientation and Ms obtained from experiment, micromagnetic is 
utilized to simulate the ground state of these Fe3O4 nanostructures. 





Figure 6.10 Ground state of the synthesized Fe3O4 (a) nanorod, (b) nanodisc, (nanoring) and 
(d) octahedron. The ‘T’, ‘M’ and ‘B’ represent the top, middle and bottom slice perpendicular 
to the z direction. 
Fig. 6.10 shows ground state domain structures of different Fe3O4 nanostructures. As 
depicted in Fig. 6.10(a), the domain structures of nanorod is similar to the Fe rod 
except the two ends. The spins in the middle part of the rod align parallel to z 
direction while the spins in the two ends show vortex-like structures with different 
senses. The domain structure of nanodisc and nanoring are the typical “flux closure” 
vortex domain structure,
190
 where the spins in any z slice align along the 
circumference. The only difference is that the nanoring is lack of vortex core. The 
domain structure of nanooctahedron is more complex. As shown in Fig. 6.10(d), the 
middle slice shows a vortex structure whereas the spin gradually stand up and point to 
z direction in the two ends, which is more like a combination of vortex and single 




domain states. After knowing the domain structure, the Heff was computed by using 
Eqn. (6.9).  
 




Figure 6.11 Local Heff mapping of the synthesized Fe3O4 nanostructures. The colour represents 
the magnitude of local Heff according to the colour bar. The Heff count is also provided in the 
bottom of each mapping. The corresponding relative orientation of external field h0 and 
nanostructure are illustrated as inset. 
Fig. 6.11 shows the local Heff mapping of the synthesized Fe3O4 nanostructures. Two 
kinds of relative orientation are provided, shown as inset in the Heff counting. On the 
left column, the tiny h0 (1 Oe), which is applied for the evaluation of local Heff , is 
parallel to the rotational axis (z axis) while it is perpendicular to the axis for the cases 
on the right column. It is clear that the local Heff not only depends on the position in 
the nanostructure but also strongly related to the relative orientation of h0. It can be 
seen from Fig. 6.11(a) that local Heff shows a wide distribution within 10 kOe and a 
main peak occurs at around 1 kOe. The 3D Heff mapping reveals two parts with 
different colours. In the blue part, the Heff  is around 1 kOe while it increases to 2-3 
kOe in the other part. Some cells near the top even show a Heff about 10 kOe or even 
higher (red or gray colour). Whereas, when h0 is applied parallel to z direction, the 
Heff becomes more uniform below 1 kOe and only limited area shows higher Heff. The 
reason behind such complicated Heff pattern is complicated and might be from its 
complex domain structure as well as the magnetic interaction among the cells. 
Compared to the octahedral, the Heff distribution in nanodisc is easier to understand. 
As shown in Fig. 6.11(b), the Heff is as large as several tens of kOe when h0 is 
perpendicular to the disc. This is because the spins, aligning in the plane of disc, are 
hardly to be rotated out of the plane by h0 due to the huge shape anisotropy. Moreover, 




the vortex core and edge part exhibit lower Heff. When h0 is directed in the plane of 
disc, the Heff is decreased to the value below 1 kOe. For the nanoring (Fig. 6.11(c)), it 
is only around 600 Oe when h0 is along the ring axis, while it is about 3 kOe if h0 is 
perpendicular to the ring axis. However, both the two orientations give nearly uniform 
Heff than other nanostructures because the lack of vortex core results in analogous 
“environment” for all the cells of nanoring. Fig. 6.11(d) shows the Heff of nanorod, it 
can be seen that the Heff varies significantly along the direction of rod. When h0 is 
applied normal to the nanorod, mainly two peaks in Heff count are observed. The peak 
near 4 kOe is ascribed to the middle part of rod while the one at 1 kOe corresponds to 
the cells in the two ends, similar to the distribution in single domain Fe nanorod. 
However, the existence of vortex like domain structure in the two ends lead to 
dramatic change in Heff when h0 is along the direction of nanorod. Instead of infinite 
Heff in the single domain Fe nanorod, herein the middle part shows a much smaller Heff 
about 200 Oe than the edge part, suggesting that the vortex like domain structure in 
the two ends is crucial for the local Heff . 
From above discussion, it can be known that local Heff of these nanostructures are 
directionally dependent. As a result, both the direction of magnetic component and 
wave propagation would pose impact on the microwave permeability. On the other 
hand, in the measurement of microwave permeability, the Fe3O4 nanostructures are 
usually mixed with paraﬃn wax and pressed into toroidal composite, where the 
magnetic nanostructures are randomly embedded into parafﬁn matrix. Therefore, a 




method for average of relative orientation between microwave and magnetic 
nanostructure is necessary. 
 
Figure 6.12 scheme of the average of     for composite samples. 
Fig. 6.12 depicts the scheme for average of the     of magnetic nanostructures 
randomly distributed in composite. As shown in this figure, the k is fixed along y 
direction while h (magnetic component of incident EM wave) is in z direction. As is 
shown in this figure, the sample, i.e. ring, is rotated in a spherical coordinate system 
by changing β and Ф to reproduce the random orientation. In principle, β and Ф 
should be changed continuously from 0 to   and 2 . If the axial symmetry of the 
nanostructures is into account, the number of calculation could be largely reduced. 
Take the vortex domain structure for example, the spin configuration is axial 
symmetric. Therefore, the β and Ф could be varied from 0 to  /2 and   instead, 
respectively.  In our work, the step of β is  /12 while the interval of Ф is set as  /6. 
For each β and Ф,     is calculated and named as    
β Ф
. After all    
β Ф
 are obtained, 
an average intrinsic permeability (   
   ) is derived as follows, 
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β Ф
β Ф
    ββ
                  (6.14) 
The    β in Eqn. (6.14) is the rating factor of a spherical average approximation. 
Using the model for average proposed above, the average intrinsic permeability of the 
Fe3O4 nanostructure could be obtained in the assumption of random distribution. The 
α is set as 0.1 in the permeability calculation. This is because the α values in magnetic 




Figure 6.13 Calculated intrinsic permeability of Fe3O4 nanostructures. The α is 0.1 in calculation.  
Fig. 6.13 shows the calculated intrinsic permeability ( in) of different Fe3O4 
nanostructure calculated by the present model. It can be seen from the figure that 




distinct high frequency behaviors are revealed by our calculation though all the 
nanostructures are Fe3O4, indicating that the shape anisotropy plays an important role 
in the dynamic performance of magnetic nanostructure. As shown in Fig. 6.13(a), the 
octahedral exhibits the highest initial permeability about 29.3, followed by disc with 
the value about 12.7. In comparison, the nanoring and nanorod shows a much lower 
initial permeability about 4.6 and 5.8, respectively. Fig. 6.13(b) shows the imaginary 
part of the calculated intrinsic permeability. It is clear that the magnitude of resonance 
peaks shows a similar trend to the initial permeability while the trend of resonance 
frequency is opposite. As can be seen from Fig. 6.13(b), the octahedral possess a high 
resonance peak at around 2.2 GHz. While, the resonance frequency of nanodisc is 
about 3.2 GHz and it shifts to 4.7 and 4.9 GHz for nanoring and nanorod, respectively. 
In order to demonstrate the results predicted by the present model, toroidal 
Fe3O4/paraffin composite with a volume fraction of 20% are prepared for the 
microwave measurement. 





Figure 6.14 Measured permeability of Fe3O4 /paraffin composite (20 vol%). 
Fig. 6.14 presents the measured permeability of Fe3O4 /paraffin composite (20 vol%). 
As can be seen from this figure, the octahedral shows much higher initial permeability 
about 2.3 while the nanorod and nanoring possess nearly the same value, which is as 
low as 1.5. In between is the nandisc with the value around 1.8. The resonance 
frequency is found at 1.6, 3.1, 3.5 and 4.7 GHz for octahedral, nandisc, nanoring and 
nanorod, respectively. It is apparent that the trends of permeability and resonance 
frequency are in good consistent with that predicted by our calculation (Fig. 6.13). 
However, it should be emphasized that the original experimental value is the effective 




permeability of the paraffin composites. In order to draw comparison with calculation 
more precisely, the effective permeability in Fig. 6.14 needs to be converted into 
intrinsic permeability (the permeability of pure magnetic nanostructures) by using 
Effective Medium Theory (EMT). To date, several EMTs have been developed, such 
as Maxwell-Garnett mixing rule
238
 and Bruggeman Effective Medium Theory.
239
 
However, these mixing rule are applicable for composite with isotropic inclusion. A. 
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 with                     
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where           ,    is the intrinsic susceptibility,  is the experimental 
effective susceptibility of composite,  c and    are the volume fraction and the 
demagnetizing factor of the magnetic inclusion along the rotational axis z. The 
demagnetizing factor Nz of nanoring could be calculated by
226,241
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    ] is a hypergeometric function and        τ  is a Lipschitz-Hankel integral. 
Other nanostructures (i.e. octahedral, nanorod, nanodisc) can be assumed as ellipsoids 
with different aspect ratio. Thus their Nz can be derived by stoner’s equation.
242
 The 
results are listed in table 6.7. 





Table 6.7 The calculated    of different Fe3O4 nanostructures. 
 
Oct Disc Ring Rod 
   0.17 0.49 0.29 0.14 
Using the    in table 6 and the EMT (Eqn. (6.15) and (6.17)), the experimental 
effective permeability of mixture is converted into the intrinsic values of pure Fe3O4 
nanostructures. The c is 0.2 as used during mixing of the composite samples.  
 
Figure 6.15 The calculated intrinsic permeability of Fe3O4 nanostructures. 




Fig. 6.15 depicts the intrinsic permeability calculated by EMT. It can be seen that the 
initial permeability is comparable with the value revealed by our model (Fig. 6.13). In 
addition, the resonance peak moves about 1 GHz to the lower frequency direction, 
which is consistent with the results reported elsewhere.
240
 With the purpose of 
comparison between the experimental intrinsic permeability and that calculated by our 
present model, the resonance frequency and initial permeability of the Fe3O4 
nanostructures are extracted and plotted in Fig. 6.16. 
 
Figure 6.16 Comparison between experimental and calculated  
 
  as well as fr for Fe3O4 
nanostructures. 
Fig. 6.16 provides the resonance frequency and initial permeability of the Fe3O4 
nanostructures obtained from our model and experiment. It is apparent in the top 
figure that our model successfully predicts the change of resonance frequency for 
different Fe3O4 nanostructures though there is a discrepancy on the absolute value. As 




shown in the figure, the resonance frequency proposed by our model is about 1-2 GHz 
higher than the experimental value. This might be due to lack of consideration of 
interparticle interactions. The existence of inter-particle interaction could be 
simplified as an effective magnetic field, which give rise to the demagnetizing field 
and result in the reduction of resonance frequency.
224
 Furthermore, the damping 
coefficient α is also a factor that influences the resonance frequency. A higher value 
of α will lead to a broadening of the resonance peak and a shift to lower frequency 
direction.
243
 It is reported that the damping coefficient of nanoparticles could be as 
large as a value between 0.1 to 1 or even more.
236-237
 In this work, the α is simply used 
as 0.1. The small α might be a reason of the discrepancy in resonance frequency. 
Apart from the resonance frequency, the initial permeability also shows a good 
agreement between our calculation and experiment. As shown in Fig. 6.16, the initial 
permeability  
 
  predicted by our model matches very well with the experiment value 
though slight deviation is observed. All these results demonstrate that the present 
model works well to predict the high frequency permeability of different magnetic 
nanostructure.  
6.3.7 Influence of orientation on the permeability of nanodisc 
The disc or flakes shaped magnetic structure is a topic of interest because of its high 
permeability over other shapes.
141,144,244
 More importantly, the permeability could be 
further enhanced by a factor about 0.3 or even more through controlling the 
orientation of flakes in the non-magnetic matrix. 
245-246
 However, to our best 




knowledge, the reason to the enhancement of permeability is unclear. Our model 
could provide a theoretical explanation to this issue. Recall that the microwave 
permeability of Fe disc strongly depends on the relative orientation of the incident 
microwave. According to Fig. 10, when the magnetic component of microwave is in 
the plane of disc, the Heff is much lower than the case when the magnetic component 
is normal to the disc, associated with a higher permeability. Therefore, keeping the 
magnetic field of microwave in the plane of nanodisc would increase the permeability. 
To better understand the influence of orientation on the permeability of disc, the 
Fe3O4 nanodisc three cases with different degree of orientation are calculated with the 
help of present model. 
 
Figure 6.17 Calculated permeability of Fe3O4 nanodisc with different degree of orientation. 
The cartoon on right side illustrates three scenarios of orientation. In the +-0
o 
oriented case, 
the magnetic field h0 is strictly in the plane of nanodisc. In the +-15
o 
oriented case, the angle 







. The unoriented case means a random of distribution of nanodisc in the 
non-magnetic matrix. 
Fig. 6.17 presents the calculated permeability of Fe3O4 nanodisc with different 
degrees of orientation. It can be seen from this figure, the unoriented case (random 




distribution) shows the lowest permeability about 12.7. If all the discs are aligned to 
make the magnetic field in the plane of disc (+-0
o
 oriented case), the permeability is 
as high as 20.9 without shift of resonance peak. In another word, the permeability 
could be enhanced by a factor about 1.65 with perfect alignment. However, in reality, 
perfect alignment is hard to be achieved in composite material. Therefore, the 
distribution of relative orientation in a narrow range is a more practical scenario. We 
take a +-15
o 
distribution for example, where the discs are aligned to the relative angle 
range of +-15
o





. As shown in the figure, it is calculated to be 18.1, corresponding to an 
enhancement of 43% with respect to the random case (unoriented). To demonstrate 
the calculation, the Fe3O4 nanodisc/paraffin composite as synthesized are aligned by 
magnetic field and the permeability is measured. 
 
Figure 6.18 Experimental permeability of oriented and unoriented Fe3O4 nanodisc/paraffin 
composite. The inset shows the method for alignment. 




Fig. 6.18 provides the experimental permeability of oriented and unoriented Fe3O4 
nanodisc/paraffin composite. The orientation is completed by rotating the toroidal 
composite sample in an uniform magnetic field (shown as inset). According to this 
figure, initial permeability and amplitude of resonance peak is increased obviously 
after orientation and an enhancement about 29% is realized. Meanwhile, the change of 
resonance position is negligible (about 0.1 GHz), which is in good consistency with 
our model. Though the enhancement on permeability is less than the value obtained in 
Fig. 6.17, it is reasonable from our model that the distribution of nanodisc in oriented 
sample might be wider than +-15
o




In this work, a theoretical model is established for the calculation of high frequency 
permeability of magnetic nanostructures. Both the shape anisotropy and wave 
orientation is taken into account. With this model, it is found that the microwave 
permeability remains the same while the resonance frequency varies significantly for 
different relative orientation of microwave with respect to the magnetic nanostructure, 
indicating that the resonance frequency could be effectively tuned by changing the 
relative orientation of microwave in practical application. Furthermore, it was 
demonstrated that the LLG method describes a specific case (LFC) of the present 
model, implying that the present model is more universal. In addition, a bond of initial 
permeability and resonance frequency was proposed in TFC. The validity of this 




model was proved by analytical calculation and experiment on different Fe3O4 
nanostructures. This model could provide us a platform to study the high frequency 
magnetic performance of magnetic nanostructures. 
  


































In the thesis, 3D Landau-Liftshitz-Gilbert (LLG) micromagnetic simulation was 
utilized as a theoretical guide to investigate the magnetic domains of different Fe3O4 
nanostructures and their three applications, namely ferrofluid, magnetic hyperthermia 
and microwave permeability. The detailed results can be summarized below:  
1) In chapter 3, stable vortex based Fe3O4 nanorings suspension was 
developed by using micromagnetic prediction as well as experimental 
demonstration. Through the micromagnetic simulation, a stable vortex 
area (SVA) of particle size, where the vortex state is not only the ground 
state but also the remonance state, was obtained. Furthermore, the 
influences of notch, eccentricity and crystallographic orientation on the 
vortex domain structures were carefully taken into consideration by 
simulation. The results suggest that the existence of notch and eccentricity 
would enlarge the SAV, which is crucial for the colloidal stability. The 
simulation of crystallographic orientation effect revealed that the 
[113]-oriented magnetite nanoring is preferable for a broader SVA 
compared with the [111] or [112]-oriented nanorings. Additionally, the 
simulation of the ring-ring interactions suggest that a minimum 20 nm 
inter-rings distance was needed to ensure the formation of vortex 
remanence state after saturation. Based on the above simulation results, 




the Fe3O4 nanoring with appropriate dimension was fabricated and 
dispersed into water by coating with phosphorylated-MPEG. The stability 
of the fabricated nanoring colloid was confirmed by DLS measurement. It 
suggests that the vortex based nanoring could serve as a promising 
candidate of stable magnetic colloid. This work could pave the way to 
fabricate such novel vortex based magnetic suspension, which could be 
potentially used for biomedical applications.  
2) As an example of the biomedical application of the above Fe3O4 nanoring 
colloid, the magnetic hyperthermia properties of the nanoring colloid were 
investigated in chapter 4. The results demonstrated that the Fe3O4 
nanorings exhibit a signiﬁcant increase of heat dissipation, which is an 
order of magnitude higher than the commercial superparamagnetic 
Resovist at high fields. By comparing the SAR values of aqueous and gel 
suspension, it was found that for the Fe3O4 nanorings the huge heat 
generated under AC magnetic field is mainly from the hysteresis loss, 
which was reproduced micromagnetically by simulating average 
hysteresis loop in the assumption of random orientation. This work may 
shed light on developing high efficiency heating agent for magnetic 
hyperthermia.  
3) In addition to the Fe3O4 nanorings, Fe3O4 nanodiscs with different sizes 
were also successfully fabricated via a two-steps chemical synthesis. The 




micromagnetic simulation revealed different magnetic domain structures 
for the fabricated nanodiscs. In order to investigate their hyperthermia 
performance, the nanodiscs as well as other two references samples, 
namely superparamagnetic nanoparticles (SNP) and ferrimagnetic 
nanoparticles (FNP), were coated with CTAB then dispersed into water 
and gel. The hyperthermia measurement of aqueous suspension suggests 
that the nanodiscs exhibit excellent heat dissipation ability, which is 
almost 6 and 2 times higher than the traditional SNP and FNP, 
respectively. By contrast, in gel suspension the nanodisc exhibit slightly 
higher SAR values than FNP, which is demonstrated micromagnetically 
by simulating the hysteresis loss. Through the comparison of the SAR 
values between the water and gel suspension, a prominent Brownian 
relaxation loss (about 2 kW/g) was surprisingly observed on the nanodisc 
at AC magnetic field larger than 0.3 kOe, which is about 8 times higher 
than that of the isotropic FNP. Based on this phenomenon, a novel 
“flipping” Brownian relaxation model was proposed for the disc shaped 
nanostructures. When subjected in the AC field, the nanodisc in aqueous 
suspension could flip and stir the water, converting the field energy into 
the kinetic energy of surrounding carrier. Compared with the traditional 
spherical nanoparticles, whose Brownian relaxation in liquid carrier relies 
on the friction between nanoparticles and carrier, the nanodisc could 




transfer energy more effectively by “stirring” effect. This study may open 
a new window for high efficiency magnetic hyperthermia. 
4) Lastly, a predictive model is developed for the calculation of microwave 
magnetic permeability, which could take both the magnetic domain and 
wave orientation into account. In this model, starting from the ground 
state magnetic domain structure, a local effective field (Heff) is evaluated 
within each mesh cell by micromagnetic simulation. At a relative 
orientation of magnetic domain structure with respect to the microwave, a 
permeability spectrum can be calculated by using the local Heff and 
subsequent average over all the cells. The validity of this model in two 
extreme conditions, namely Longitudinal Field Case (LFC) and 
Transverse Field Case (TFC) is proved on single domain nanospheres and 
nanorods by the comparison with analytical formulas. Equipped with this 
model, it is found that the initial permeability remains the same while the 
resonance frequency could be well tuned by changing the relative angle 
between wave vector and magnetization. Furthermore, a bond between 
initial permeability and resonance frequency is proposed for TFC, as the 
complement of Snoek’s limit (which is only valid in LFC). Meanwhile, 
the good agreement between the experimental results and our calculation 
on different Fe3O4 nanostructures (i.e. octahedral, nanoring, nanodisc and 
nanorod) proved the validity of the present model. All these results 




indicate that the present model is able to predict the microwave magnetic 
properties of different nanostructures. It is believed that this model could 
offer valuable guidance for the design of microwave devices. 
7.2 Future works 
Based on the substantial experimental results and theoretical simulation obtained from 
this work, several potential directions for future research are highlighted below: 
1) In chapter 3 and 4, it has been proved that the vortex Fe3O4 nanorings 
could achieve high colloidal stability and outstanding hyperthermia 
performance, which could be potentially used in cancer treatment. 
However, in-vivo hyperthermia of the nanoring has not been investigated 
yet. Therefore, the in-vivo hyperthermia test is needed to be done in the 
future. Upon cell uptake, the Fe3O4 nanorings should be absorbed into the 
living tumor cells, which are then subjected into an AC field for 
hyperthermia treatment. After a period of exposure, the efficiency of the 
treatment can be estimated by counting the induced tumor cell death. 
2) Besides nanoring, magnetic nanodisc was also demonstrated as excellent 
heating agent for magnetic hyperthermia. By comparing the SAR value 
measured in water suspension with that measured in gel suspension, we 
proposed a “stirring” effect of the nanodisc. However, direct experimental 
evidence is necessary, which would be provided in the future. Moreover, 




future work on in-vivo hyperthermia is also necessary for practical 
application. Furthermore, to our best knowledge, the magnetic resonance 
imaging (MRI) properties of the Fe3O4 nanodiscs have been rarely studied. 
Hence it is of prime interest to investigate the MRI performance of these 
Fe3O4 nanodiscs.  
3) The new model for the calculation of microwave permeability was 
demonstrated to work well to predict the microwave permeability of 
magnetic nanostructures. Therefore, further calculation could be 
performed with this method to optimize the size, shape and component of 
magnetic nanostructures to achieve higher permeability at high frequency. 
In the light of the theoretical optimization, magnetic nanostructure with 
desired microwave magnetic properties could be fabricated accordingly. 
4) As revealed by the results in Chapter 6, the microwave permeability 
strongly depends on the magnetic domain structure of magnetic elements. 
Therefore, reconfigurable switching between different magnetic domain 
structures could realize tunable microwave magnetic properties, which 
can be potentially utilized in microwave filter, microwave absorber and 
spintronic devices. Inspired by this fact, we are going to develop magnetic 
elements with reconfigurable multi-states, which could be controlled by 
external magnetic field. For instance, Fig. 7.1 illustrates a 2D array of 
reconfigurable multi-states binary magnetic element. As depicted in the 




figure, the individual magnetic nanostructure is composed by a soft layer 
on top and a hard magnetic layer on the bottom. The domain structure in 
the soft layer is tunable between an out-of-plane ferromagnetic state and 
the vortex state. Without any external magnetic field, the domain structure 
in the soft layer is an out-of-plane ferromagnetic state as magnetized by 
the field generated by the hard layer. When a magnetic field is applied in 
the opposite direction, the two fields cancel each other and the domain in 
soft layer turns to be a vortices. When the external field is removed, the 
vortices changes back to the ferromagnetic state. The switching between 
the ferromagnetic state and vortex finally results in distinct microwave 
dynamic properties. 
 





Figure 7.1 (a) illustration of 2D array of binary magnetic element. The magnified 
picture shows the 3-layer structure of the nanomagnet. (b) Field controlled switch of 
magnetic domain structure in the nanomagnet.  
In order to achieve the above idea, micromagnetic simulation could be 
performed to optimize the material parameters and dimensions of the 
multi-states magnetic elements. Then the microwave magnetic properties 
could be investigated by the predictive model proposed in Section 5. 
According to the theoretical calculation, the best binary magnetic element 
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Theoretical basis for the magnetic permeability expressions (Eqn. 6.1 to 6.4) 
Maxwell’s equation gives 
                              
  
  
                      (A.1) 
                               
  
  
                    (A.2) 
Assume a wave with wave number     progrogates through an infinite anisotropic 
media. The angel between the wave vector    and applied field (Hz) is defined as     
The magnetic field and magnetization vector could be written as  
          
                        (A.3) 
                                 
                       (A.4) 
where   is the angular frequency of the wave, Ms is saturaturion magnetization of 
the media. Substituting (A.3) and (A.4) into (A.1) and (A.2) 
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                             (A.6) 
Since       






                          (A.7) 
Combine (A.5) and (A.7), it gives 





















                                             (A.9) 








                                             (A.10) 








                                              (A.11) 
Where   is the angle between wave vector,   is the angle between x axis and 
projection of wave vector in x-y plane.  
Since       , where     is the permeability tensor 
According to (A.9)-(A.10) 









                                            
                                            
                                     
   (A.12) 









                                            
                                            





   
   
   





  (A.13) 
The eigenvalues   of permeability should be obtained through setting the determinant 
of (31) to zero, the result is 
                                
  
   
                        (A.14) 
From LLG equation, we could btain  
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        (A.17) 
So                                                       (A.18) 
                                                         (A.19) 
                                                          (A.20) 
Compare (A.9-11) with (A.18-20) 
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                                                 (A.23) 
Eqns (A.21-23) are three linear equations about hx, hy and hz. To get a non-zero 
solution, the determinant of these equations are requires to be zero. So, the   in (A.12) 
can be obtained as 
         
    
                            
 
                  
               
 
   
        (A.24) 
Substituting (A.24) into (A.14) 
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